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REMARKS 



Claims 1 - 1 7 are pending in the application. Applicants have amended claims 1 , 1 1 , and 
.,13. Claim 12 has been canceled. 

Upon entry of the present amendment, claims 1-11 and 13-17 remain pending in this 
application. 

Claims 1-17 stand rejected under 35 U.S.C. § 1 12, second paragraph, as allegedly being 
indefinite for failing to particularly point out and distinctly claim the subject matter which 
Applicants regard as the invention. Specifically, the recitation of the limitations of (Ci-C6)alkyl 
was thought to be unclear. 

According to the second square bullet, R 2 may indeed be (Ci-C6)alkyl substituted with 
OC(=0)R 4 \ NR-S0 2 ^RN-S0 2 -NR 4a R 5a or NR-CO-NR 4a R 5a . 

According to the first square bullet, R 2 may also be (Ci-C6)alkyl substituted with one to 
three OR 4 ,COOR 4 , NR 4 R 5 , NRC(=0)R 4 , C(=0)NR 4 R 5 or S0 2 NR 4 R 5 . However, in these 
definitions, R 4 is (Ci-C6)alkyl which is further substituted. Therefore, the groups envisaged by 
the Examiner are, in fact, 0-alkyl-C(=0)R 7 , N(R 5 >alkyl-S02R 6 , N(R 5 )- aIkyI-S0 2 NR 7 R 8 and 
N(R 5 )-alkyl-C(=0)NR 7 R 8 . Applicants respectfully submit that these definitions do not overlap 
with those of the second- square bullet. 

Claim 1 1 was specifically rejected as it was allegedly unclear if species were being 
claimed or a mixture of some (or all) species were being claimed. Applicants have amended 
claim 1 1 to overcome this rejection. 

Claims 2-10 and 12-17 were rejected as being dependent on claim 1. Applicants have 
amended claim 1 thereby rendering moot the objection to these claims. 
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Accordingly, Applicants respectfully submit that all of the rejections to the claims under 
35 U.S.C. § 1 12, second paragraph, have been overcome and reconsideration of the rejections is 
respectfully requested. 

Claims 12-16 stand rejected under 35 U.S.C. § 1 12, first paragraph, because as stated in 
the Office Action, the specification, while being enabling for the treatment of AIDS (or HIV 
infection), allegedly does not reasonably provide enablement for the treatment of other diseases 
such as: T-cell related diseases, autoimmune diseases, osteoarthritis, rheumatoid arthritis, 
multiple sclerosis, osteoporosis, chronic obstructive pulmonary disease (COPD), asthma, 
cancer, leukemia, allergy, inflammatory bowel disease (IBD), ulcerative colitis, Crohn 's 
disease, pancreatitis, dermatoses, psoriasis, atopic dermatitis, glomerulonephritis, 
conjunctivitis, autoimmune diabetes, graft rejection, epilepsy, muscular atrophy and systemic 
lupus erythematosus. It is further alleged in the Office Action that the specification does not 
enable any person skilled in the art to which it pertains, or with which it is most nearly 
connected, to use the invention commensurate in scope with the claims. 

At the outset, the Applicants acknowledge and appreciate the Examiner's indication that 
the treatment of AIDS (or HIV infection) is enabled by the specification. Applicants 
respectfully submit that the following diseases/conditions are also enabled by the specification: 
allergy, asthma, T-cell mediated disease, dermatoses (atopic dermatitis), cancer (leukemia), and 
osteoporosis. 

The Applicants respectfully contend that claims 12-16 are enabling with respect to the 
full scope of the claims; however, in order to advance the prosecution of the present invention 
Applicants have amended claim 13. Applicants reserve their right to file a divisional 
application directed to the canceled subject matter in due course. 

Upon review and consideration of the rejections set forth in the office action, Applicants 
contend that the specification enables any person skilled in the art to which the invention 
pertains, or with which it is most nearly connected, to use the invention commensurate in scope 
with the amended claim 13. 
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Applicants respectfully submit that one skilled in the art would find the asserted utility 
of the claimed compounds consistent with the knowledge in the art at the time of the filing of 
the application covering the present invention. The scientific literature establishes a direct 
relationship between PDE7 inhibition and the claimed utilities. To establish this relationship 
the following literature references are provided below in Table 1, which describes the 
association between the mechanism of the claimed compounds and the claimed utilities. 



Table I 



Claimed Disorder 


Literature Reference 


Disorder in Literature 
Reference 








Allergy and asthma: 


Schudt, C. et al, Pulmonary 
Pharmacology and Therapeutics 
(1999) 12, 123-129 


This paper provides a potential 
link between PDE7 and asthma, 
and presents data in a table (table 
2) showing the expression of 
PDE7 in human cells (including 
endothelial cells). 




Fuhrmann, M. et al, Am. J. Respir. 
Cell Mol. Biol. (1999) 20; 292-302 


This paper shows the expression 
of PDE7 mRNA in human and 
porcine airway epithelial cells 
(figures 1-3) but it is difficult to 
characterise the protein due to the 
fact that no antibodies or 
inhibitors were known at the time. 
But this paper does provide a 
potential link between PDE7 and 
airway inflammation (e.g. asthma, 
COPD). 




Wright, L. et al AJP Lung Cell Mol. 
Physiol. 275; L694-L700 (1998) 


This paper shows the expression 
of PDE7 mRNA in human 
epithelial cells (figure 5) and 
hence provides a link between 
PDE7 and airway inflammation. 








T-cell mediated 
disease: 


Kanda, N. and Watanabe, S. 
Biochemical Pharmacology (2001), 
62,495-507 


This paper shows that PDE7 
antisense DNA blocks 
PDEl,2,3,4-independent activity 
induced by phytohemagglutinin or 
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Claimed Disorder 


Literature Reference 


Disorder in Literature 
Reference 






anti-CD3 plus anti-CD28 in T- 
cells, furthermore, srubl niKNA 
is increased in stimulated T cells 
(stimulated by anti-CD3 plus anti- 
CD28). The paper therefore 
provides a link between PDE7 
and T-cell mediated disease. 




Li, L. et al Science (1999) 283; 
848-851 


This paper shows the induction of 
PDE7 and the consequent 
suppression of cAMP-dep-PKA 
activity is required for T-cell 
activation. Therefore, they 
postulate that PDE7 inhibitors 
could be an approach for treating 
T-cell dependent disorders. 




Nakata, A. et al Clin Exp Immunol. 
(2002) 128; 460-466 


This paper links PDE7 to T- 
cell mediated diseases 
(specifically immunological 
and inflammatory disorders - 
e.g. asthma, allergic 
dermatitis) and they show that 
aPDE7 inhibitor (T-2585) 

J TT C .1 * 

decreases IL-5 synthesis, 
decreased proliferation and 
decreased CD25 expression in 
peripheral blood mononuclear 
cells (PBMC). (IL-5 is a key 
inflammatory cytokine.) 








Dermatoses - atopic 
dermatitis: 


Gantner, F. et al British Journal of 
Pharmacology (1998) 123; 1031- 
1038 


This paper shows PDE7 
activity and mRNA at high 
levels in normal B-cells (from 
non-atopic patients) and in 
atopic B-cells (patients with 
atopic dermatitis) (figure 1). 
This therefore provides a link 
between PDE7 and 
dermatoses. 
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Claimed Disorder 


Literature Reference 


Disorder in Literature 
Reference 


Cancer - 
leukaemia: 


Lee, R. et al Cellular Signalling 
(2002 -April) 14 277-284 


This paper provides a link 
between PDE7 and leukemia. 
They show PDE7 protein 
expression in normal B-cells, 
primary chronic lymphocytic 
leukemia (CLL) cells and in a 
LXJ-r-oenvea cen line \ wou- 
KsLtLs ) ano rue* / ic vei5 were 
augmented by treatment of 
these cells with 
methylxanthines (non-specific 
PDE inhibitor). 








Osteoporosis: 


Wakabayashi et al Journal of Bone 
and Mineral Research (2002) 17; 
249-256 


This paper shows PDE7 
mRNA expression in bone 
osteoblastic cell lines and 
therefore provides a link 
between PDE7 and 
osteoporosis. 









Applicants respectfully submit that the literature references provided herewith, together 
with other literature cited in the application, provide guidance to one of skill of the art for a link 
between PDE7 inhibitors of the present invention and the claimed diseases/disorders. 



As a courtesy to the Examiner, copies of the literature references discussed above are 
attached hereto. 

Accordingly, Applicants submit that the rejection of claims 12-16 (now claims 13-16) 
under 35 U.S.C. § 1 12, first paragraph, has been overcome. Applicants respectfully request that 
the rejection be withdrawn. 

Claims 1-17 stand provisionally rejected under the judicially created doctrine of 
obviousness - type double patenting as allegedly being unpatentable over claims 1 and 3-26 of 
co-pending application 10/852,404 (or US2004/021483 Al). It is alleged in the Office Action 
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that the instant formula (I) overlaps with the formula (I) of the co-pending application when 
variables of the co-pending application have the following meanings: 

i. X1-X4 are independently -C(R ! )-; wherein R 1 is alkyl ( which corresponds to the 
instant R l ) or R 1 is X 5 R 5 (which corresponds to the instant -OR 2 ); 

ii. Y is NR 12 wherein R 12 is hydrogen; 

iii. A is a ring of 4-, 5- or 7-membered ring with ring atoms of A 1 , and/or A 2 , A 4 , A 5 ; 

iv. Z is O. 

Further, it is alleged that "[c]laim 1 of the co-pending application differs from the instant 
claim 1 by having a broader scope and reciting formulae II & III. However, regarding Formula 
I, there is substantial overlapping subject matter as listed above. Further more, two species in 
claims 22 and 23 of the co-pending applications (see US 2004/214843 Al page 66 left column, 
lines 49 and 52; also page 67, right column, lines 10 and 13) read on the instant Formula (I)". 

. Applicants respectfully submit that there is no overlap between the claims of US 
2004/214843 Al and the claims of the present application for the reason set forth immediately 
below. First, the claims of US 2004/214843 Al define that the at the S'-position (the group Xi) 
may be X 5 R 5 or Ql. The group Ql may be OR 2 . 

Further, in the *843 application, the R 5 is restricted to aryl, heteroaryl, cycloalkyl 
(optionally incorporating C=0 or a heteroatom) or cycloalkenyl (optionally incorporating C=0 
or a heteroatom). These groups are not included in the definition of R 2 in the present 
application. 

In the alternative, the group R 2 , in the US 2004/214863 Al may be a lower alkyl which 
may be further substituted with, among other things, OR 6 , COOR 6 , NR^ 7 , NR 6 C(=0)R 7 , 
C^OJNR^ 7 or SOaNR^ 7 . 

In the claims of the presently pending application, the equivalent group R 2 is defined as 
(Ci-C 6 )alkyl which is further substituted with OR 4 , COOR 4 , NR 4 R 5 , NRC(=0)R 4 , C(=0)NR 4 R 5 
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or S02NR 4 R 3 , and R 4 and R s are in turn, (Ci-C 6 )alkyl which is further substituted (in the case 
of R 4 ) and may be further substituted (in the case of R 5 ). Therefore, it can be seen, that the 
groups R 4 and R 5 in the claims of the presently pending application are equivalent to the groups 
R 6 and R 7 in US 2004/214863 Al . 

However, the substituents on the groups R 4 and R 5 in the claims of the present 
application are different than those on the groups R 6 and R 7 in US 2004/214863 Al . In US 
2004/214863 Al, the groups R 6 and R 7 may be hydrogen or lower alkyl which may be 
substituted with one to three OR, COOR or NR 23 R 24 wherein R, R 23 and R 24 may be hydrogen 
or lower alkyl (or in the case of R, additionally CN or SO2NH2). In the claims of the present 
application, the substituents on the groups R 4 and R 5 do not include OR, COOR or NR^R 24 . 
Additionally, as a substituent must be present on the group R 4 in the present application, the 
possibility in the present application of R 4 being unsubstituted alkyl is excluded. There is, 
therefore, no overlap between these groups in the present application and those of US 
2004/214863 Al. 

In the alternative, as outlined above, the group R 2 in the present application may be (Ci- 
C 6 ) alkyl which must be substituted with OC(=0)R 4a , SR 4a , S(=0)R 3 , C(^NR 9 )R 4a , C(=NR 9 )- 
NR 4a R 5a , NR-C(=NR 9 )-NR 4a R 5a , NRCOOR 4a , NR-C(=0)-NR 4a R 5a , NR-S0 2 -NR 4a R 5a , NR- 
C(=NR 9 )-R 4a or NR-SO2-R 3 . These substituents are not present in the list of possible 
substituents for the equivalent group R 2 in the US 2004/214863 Al. Therefore, there is no 
overlap between these groups in the claims of the present application and those of US 
2004/214863 Al. 

It is stated in the Office Action that the compound cited on page 66, left column left 
column, lines 49 and 52 (corresponding to Examples 81 and 82) are within the scope of the 
present application. Applicants respectfully submit that these compounds fall outside the scope 
of the present application for the reasons set forth immediately below. First, in Example 81 of 
US 2004/214863 Al, the group Xi is C-OCH 2 CN. This falls outside the present claims as CN 
is not included in either list of the substituents on the (C r C6) alkyl group immediately attached 
to the oxygen atom (see the two square bullets). 
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Secondly, in Example 82, the group Xi is C-OCH 2 -(lH-tetrazol-5-yl). This also falls 
outside the claims of the present application wherein the group Q 2 is a saturated heterocycle, 
not a heteroaryl group such as tetrazolyl. 

Accordingly, Applicants respectftdly submit that the claims 1-17 are patentably distinct 
from the claims of US 2004/214863 Al and respectfully request that the rejection of claims 1- 
17 under the judicially created doctrine of obviousness - type double patenting be removed. 

In view of the present amendment and forgoing remarks reconsideration of the rejection 
and advancement of the case to issue are respect fully requested. 

The Commissioner is authorized to charge any fee or credit any over payment in 
connection with this communication to our Deposit Account No. 23-0455. 



Respectftdly submitted, 





£favid R. Kurlandsky 
Registration No. 41,505 
Warner-Lambert Company 
2800 Plymouth Road 
Ann Arbor, MI 48105 
Telephone: (734) 622-7304 
Facsimile: (734)622-2928 



25382A Amend & Response 8-16-2005.doc 




Biochemical 
Pharmacology 



ELSEVIER Biochemical Pharmacology 62 (2001) 495-507 ===^= 

Regulatory roles of adenylate cyclase and cyclic nucleotide 
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human T cells 

Naoko Kanda*, Shinichi Watanabe 
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Abstract 

We studied the activities of 3\5'-adenosine-cyclic monophosphate (cAMP)- synthesizing adenylate cyclase (AC) and cAMP-hydrolyz- 
ing cyclic nucleotide phosphodiesterase (PDE) in phytohemagglutinin (PHA)- or anti-CD3 plus anti-CD28-stimulated human T cells, and 
examined their roles in interleukin-13 (IL-13) production. The AC inhibitor MDL 12.330A [cis-A r -{2-phenylcyclopcntyl)azacyclotridec-l- 
en-2-aminc hydrochloride] completely blocked PHA- or anti-CD3/CD28-induced IL-13 production. The PDE 1 inhibitor 8-methoxyraetbyl- 
3-isobutyl-l-methylxanthine or the PDE4 inhibitor rolipram partially inhibited IL-13 production, and the addition of both resulted in 100 
or 85% inhibition in PHA- or anti-CD3/CD28-stimu!ated T cells, respectively. AC in T cells was transiently activated 5 min after stimuli, 
followed by the transient activation of PDE4 at 30 min. PDE1 activity, undetectable in resting T cells, was detected 3 hr after stimuli, and 
then increased gradually. Although PDEI-, 2-, 3-, and 4-independent PDE activity was low (si 5% of total), it began to increase 3 hi after 
anti-CD3/CD28; the increase was blocked by PDE7 antisense oligonucleotide, and such an increase was not induced by PHA. PHA or 
anti-CD3/CD28 induced PDE IB mRNA expression, undetectable in resting T cells. PDE4 mRNA level in T cells was not altered by either 
stimulus. PDE7 mRNA expression was detected in resting T cells, and was enhanced by anti-CD3/CD28, but not by PHA. The cAMP level 
of T cells increased 5 min after stimuli, returned to the basal level at 2 hr, and then continued to decrease. These results suggest that PHA 
or anti~CD3/CD28 initially (^5 min) increases cAMP in T cells via AC, then reverses the increase via PDE4 (£2 hr), and in the later phase 
(>2 hr) further decreases cAMP via PDE1 . Both the time-dependent increase and decrease of cAMP may be required for FL-l 3 production. 
©2001 Elsevier Science Inc. All rights reserved. 

Keywords: Phytohemagglutinin; Anli-CD3; Anli-CD28; Interleukin-13; Adenylate cyclase; Cyclic nucleotide phosphodiesterase 



1. Introduction 

IL-13 is a B cell-stimulatory cytokine that Induces IgE 
and IgG4 production in B cells by isotype switching [1], and 
may be involved in the pathogenesis of certain allergic 



•Corresponding author. Tel.: +81-3-3964-2473; fax: +81-3-5375- 
5314. 

E-mail address: nmk@med.teikyo-u.ac.jp (N. Kanda). 

Abbreviations: AC adenylate cyclase; AP, activator protein; AS-O, 
antisense oligonucleotide; cAMP* 3',5'-adenosine-cyclic monophosphate; 
cGMP, 3'.5'-guanosine-cyclic monophosphate; EHNA, eiy/An>-9-(2-hy- 
droxy-3-nonyl)adenine; GAM, goat anti-mouse IgG polyclonal antibody; 
IBMX, 3-isobutyl-l-methylxanthine; IL-13, interleukin-13; 8-methoxym- 
ethyMBMX, 8-methoxymethyl-3-isobutyUl-merhybcanthine; NS-O, non- 
sense oligonucleotide; PCR, polymerase chain reaction; PDE, cyclic nu- 
cleotide phosphodiesterase; PHA, phytohemagglutimn; RT, reverse 
franscription; and TCR, T cell receptor. 



diseases such as atopic dermatitis or asthma [2,3]. This 
cytokine is produced mainly by T cells [I], and the produc- 
tion is induced by PHA or anti-CD3 plus anti-CD28 anti- 
bodies [4,5]. However, signaling pathways involved in 
IL-13 production have not been identified definitively. It 
was reported recently that cAMP-elevating agents inhibit 
allergen-induced IL-13 production in human T cells and 
basophils [6,7]. It also has been reported that prolonged and 
excessive cAMP signal down-regulates the other T cell 
functions such as proliferation, IL-2 or 1L-4 production, or 
IL-2 receptor expression [6,8-10]. Cellular cAMP levels 
are controlled by AC, which synthesizes cAMP, and by 
PDE, which hydrolyzes cAMP [II]. Thus, cAMP accumu- 
lation is manifested by AC-sumulating agents, such as pros- 
taglandin or forskolin [8], and by PDE inhibitors, such as 
theophylline [6]. 

Previous studies especially support the requirement of 
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PDE for IH 3 production [6,7]. PDE may possibly reduce 
the cellular cAMP level and thus prevent the inhibitory 
effect of cAMP accumulation on IL-13 production. PDE is 
an iso2ymic family composed of various subtypes classified 
on the basis of substrate specificity, inhibitor specificity, and 
sequence homology [7]. The previous paper suggests that 
cAMP-specific PDE (PDE4) may be involved in IL-13 
production by human T cells [7]. 

In mis study, we investigated the involvement of AC and 
PDE in PHA- or anti-CD3 plus anti-CD28-induced IL-13 
production of T cells. We found that AC and PDE activities 
were time-dependently up- and down-regulated after the 
stimuli, and that both were required for IL-13 production. 

2. Materials and methods 

2.L Reagents 

The purified form of Phaseolus vulgaris PHA, actino- 
mycin D, cycloheximide, EHNA, and affinity-purified 
GAM were purchased from the Sigma Chemical Co. Roli- 
pram, 8-methoxymethyI-IBMX, cilostamide, MDL 
1 2,330A [cis-Af-(2-pheny lcyclopentyl)azacyclotridec-l -en- 
2-amine hydrochloride], SQ22536 [9-(tetrahydro-2'-fury- 
l)adenine], 2\5'-dideoxyadenosine, vinpocetine, Ro-20- 
1 724 [4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone] 1 
milrinone, IBMX, 8-bromo-cAMP, and H-89 [AT-[2-((p-bro- 
mocinnamyl)amin9)ethyl]-5-isoquinolinesulfonamide] 
were obtained from Calbipchem, and were dissolved in 
dimethyl sulfoxide as 10 mM stock solutions and kept in the 
dark until used. Anti-CD3 monoclonal antibody (OKT3, 
murine lgG2a) and anri-CD28 monoclonal antibody (clone 
9.3, murine IgG2a) were purchased from Becton Dickinson. 

2.2. Preparation of human T ceils 

Blood was taken from five healthy Japanese volunteers 
[two men and three women, age 43.6 ±13.6 years (mean ± 
SD)], who were informed of the objectives and methods of 
this study, and consented to participate. Peripheral blood 
mononuclear cells were isolated by centrirugation over Fi- 
coll-Paque (Pharmacia) as described [12], and were allowed 
to adhere to plastic dishes for I hr at 37°. From the non- 
adherent cells, CD56" cells were isolated by negative se- 
lection using immunomagnetic beads (Dynal) as described 
[13], and were incubated with neuraminidase- treated sheep 
erythrocytes as described [14]. From the rosette-forming 
cells, CD 14"" and CD19~ cells were isolated by immuno- 
magnetic negative selection, and were used as T cells. This 
T cell population was >98% CD3 + , and the contamination 
of CD14+, CD19+, or CD56+ cells was <2%. 

2.3. Measurement of IL-13 and cAMP 

T cells (2 X 10 5 /200 jiL/well) were cultured with 10 
ftg/mL of PHA or anti-CD3 plus anti-CD28 antibodies 



(each 0.1 iig/mL) in plates coated with GAM (10 /xgmiL) as 
described [15], at 37° in an atmosphere of 5% C0 2 for 48 
hr. T ceils were cultured with medium alone in parallel. 
Each, culture was performed in triplicate. The culture me- 
dium used was a 1:1 mixture of Dulbecco's Modified Ea- 
gle's Medium and Ham's Nutrient Mixture F-12 (Sigma), 
supplemented with 2.5 mM L-glutamine (Gibco/BRL). The 
activity of IL-13 in the culture supernatants was measured 
by an ELISA kit (Biosource). The sensitivity of the assay 
was 12 pg/mL. To analyze the inhibitory effects of various 
AC or PDE inhibitors on PHA- or anti-CD3/CD28-induced 
IL-13 production, these agents were added at various time 
points before, simultaneously, or after the stimuli. The per- 
cent inhibition of either stimulus-induced IL-13 production 
was calculated by the following equation: (IL-13 amount 
with stimulus - IL-13 amount with stimulus plus inhibi- 
tor) + (IL-13 amount with stimulus - IL-13 amount with 
medium alone) X 100 (%). To measure the intracellular 
cAMP level at various time points, medium was discarded 
and cells were lysed with ethanol, the lysates were centri- 
fuged at 10,000 g for 10 min at 4°, and the supernatants 
were dried under vacuum. The dried samples were dissolved 
in acetate buffer (pH 5.8), and cellular cAMP contents were 
measured by an ELISA kit from Amersham. The sensitivity 
of the assay was 12 fmol/assay well. The cAMP level was 
presented as picomoles per 10 6 cells. 

2.4, Measurement of PDE activity 

T cells were lysed in a buffer containing 20 mM Tris- 
HCl(pH7.4), I mMEDTA, 1 /xg/mL of aprotinin, I jig/mL 
of pepstatin, 1 /xg/mL of leupeptin, 15 mM benzamidine, 
and 3.75 mM 0-mercaptoethanol. PDE activity of the cell 
lysates was assayed as described previously [8,16] using 1 
/iM [2,8- 3 H]cAMP (30 Ci/mmol) (Amersham) as a sub- 
strate. The assays were performed in 40 mM Tris-HCl (final 
pH 8.0), 10 mM MgC! 2 in the presence of 0.2 mM CaCl 2 
and 15 nM human brain calmodulin (Calbiochem) at 37° for 
10 min, and PDE activity was presented as picomoles 
cAMP hydrolyzed per minute per milligram protein. Total 
PDE activity represented the activity in the absence of 
inhibitors; cGMP-inhibited PDE (PDE3) or cAMP-specific 
PDE (PDE4) activity was defined as the inhibition of the 
activity by 10 piM cilostamide (a specific PDE3 inhibitor) or 
by 10 ttM rolipram (a specific PDE4 inhibitor), respec- 
tively, as described [17]. PDE activity in the presence of 1 
mM EGTA (a calcium chelator) and without Ca 2+ /calmod- 
ulin was measured, and the difference from the total PDE 
'activity was defined as Ca 2+ /calmodulin-dependent PDE 
(PDE1) activity as described [18,19]. PDE activity in the 
presence of 10 /iM cGMP was measured, and the inhibition 
by 10 u.M EHNA was defined as cGMP-stimulated PDE 
(PDE2) activity as described [19]. The PDE1-, 2-, 3-, and 
4-independent PDE activity was defined as PDE activity 
measured in the presence of 8-methoxymethyl-IBMX, 
EHNA, cilostamide, and rolipram (each 10 jiM). 
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Tabic 1 

Primers used for RT-PCR 



Genes 


Primer sequences 


Product size (bp) 


Ref. 


PDE1B 


5'-GCC TCA TCA GCC GCT TCA AGA TTC C-3' 
5'-GAA CTC CTC CAT TAG GGC CTT GG-3' 


601 


[19] 


PDE4A 


5' -AAC AGC CTG AAC AAC TNT AAC-3' 
5'-CAA TAA AAC CCA CCT GAG ACT-3' 


907 


[17] 


PDE4B 


5'-AGC TCA TGA CCC AGA TAA GTG-3' 
5'-ATA ACC ATC TTC CTG AGT GTC-3' 


625 


[17] 


PDE4C 


5'-TCG ACA ACC AGA GGA CTT AGG-3' 
5'-GGA TAG AAG CCC AGG AGA AAG-3' 


289 


[17) 


PDE4D 


5'-CCC TTG ACT GTT ATC ATG CAC ACC-3' 
5' -CCC TTG ACT GTT ATC ATG CAC ACC-3' 


262 


[18] 


PDE7 


5'-GGA CGT EGG AAT TAA GCA AGC-3' 
5'-TCC TCA CTG CTC GAC TGT TCT-3' 


285 


[23] 


0-Actin 


5'-GGG TCA GAA GGA TTC CTA TG-3' 
S'-GGT CTC AAA CAT GAT CTG GG-3' 


268 


[22] 



2.5. Measurement of AC activity 

The T cell lysate above was centrifuged at 23,600 g for 
* 1 0 min at 4°. The pellet was used as a particulate fraction for 
AC assays as described [20,21]. The AC activity was mea- 
sured at 37° for 10 min in 20 mM Tris-HCl (pH 7.4), 1 mM 
[a- 32 P]adenosine triphosphate (30 Ci/mmol) (Amersham), 1 
mM [ 3 H]cAMP, 1 mM IBMX, 5 mM MgCl 2 , 0.2 mM 
EGTA, 20 mM creatine phosphate, and 100 U/mL of crea- 
tine phosphokinase. AC activity was presented as picomoles 
cAMP formed per minute per milligram protein. 

2.6. RT-PCR 

T cells were incubated under the conditions indicated, 
and total cellular RNA was extracted using a mRNA puri- 
fication kit (Pharmacia). cDNA was made from RNA sam- 
ples using Moloney mouse leukemia virus reverse transcrip- 
tase (Gibco-BRL) as described previously [22]. PCR was 
performed using primer sets (Table 1) in the thermal cycler 
programmed at 93° for 1 min, 60° for 1 min, and 72° for 2 
min for 35 cycles. The PCR products were analyzed by 
electrophoresis on 2.5% agarose gels and stained with 
ethidium bromide. The intensity of the band for the RT- 
PCR products was determined by densitometry (Hoefer 
Scientific Instruments). Negative controls included samples 
in which cDNA synthesis was performed in the absence of 
reverse transcriptase and samples in which no cDNA was 
added during PCR. 

2. 7. Statistical analyses 

One-way analysis of variance with Scheffe's multiple 
comparison test was used for the data in Fig. 5. One-way 
analysis of variance with Dunnett's multiple comparison 
test was used for the data in Table 2. A value of P < 0.05 
was considered significant. 



3. Results 

3.1. Inhibitory effects of AC and PDE inhibitors on IL-13 
production 

To clarify the involvement of AC and PDE isotypes in 
the PHA- or anti-CD3/CD28-induced IL-13 production, T 
cells were preincubated with AC or PDE isotype-specific 
inhibitors before stimulation, and their inhibitory effects on 
IH 3 production were examined. In PHA-stimulated T 
cells, the AC inhibitor MDL 12,330A blocked IL-13 pro- 
duction completely (ic 50 = 0.1 jxM) (Fig. 1A). The other 



Table 2 

Inhibitory effects of cAMP-modulating agents on PHA- or anti-CD3/ 
CD28-induced IL-13 production 



Agents 


IL-13 production (pg/mL) 






PHA 






Anti-CD3/CD28 


None 


1202 




121 


1452 


± 


186 


IBMX (0.5 mM) 


43 


± 


9» (98) 


33 




6* (99) 


Vinpocetine (50 /iM) 


483 


± 


52* (61) 


804 


-♦- 


73* (45) 


EHNA (10 mM) 


1172 




150(3) 


1430 


-♦- 


151(2) 


Milrinone (10 /iM) 


1162 




191 (3) 


1420 


± 


153 (2) 


RO-20-1724 (10 /iM) 


732 




82* (40) 


917 




98* (37) 


SQ22536 (10 puM) 


58 




9* (96) 


81 




9* (95) 


2',5'-DDOA (10 *tM) 


68 




12* (95) 


52 




7*(97) 


Forskolin (100 pM) 


21 


± 


4* (99) 


36 


± 


5* (98) 


8-bcAMP (1 mM) 


34 




5* (98) 


66 




9* (96) 



T cells from five different donors (two men and three women) were 
preincubated with AC or PDE inhibitors at indicated concentrations for 30 
min, and were stimulated with PHA (10 fig/mL) or anti-CD3/CD28 (each 
0.1 ug/mL) as described in the legend of Fig. 1. After 48 hr, the culture 
supematants were assayed for IL-13 by ELISA. Data are means ± SEM 
(N = 5). The values in parentheses are the percent inhibition calculated by 
the equation described in "Materials and methods." The IL-1 3 amount with 
medium alone was 13 ± 5 pg/mL (mean ± SEM, N = 5). Abbreviations: 
IBMX, 3-isoburyl-l -mcthylxanthinc; EHNA, eryf/*ro-9-(2 -hydroxy- 3- 
nonyl)adenine; 2\5'-dideoxyadenosine; and 8 -be AMP, 8-hromo-cAMP. 

• Significantly different from controls with either stimulus alone (P < 
0.05). 
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Fig. I. Concentration-dependency for the inhibitory effects of AC or PDE inhibitors on IL-13 production. T cells from five different donors (two men and 
three women) were pre incubated for 30 min with medium alone or with medium containing various AC or PDE inhibitors at the indicated concentrations 
in GAM -coated wells; then PHA (final concentration of 10 n&mL) (A) or anti-CD3/CD28 (each 0.1 /ig/mLJ (B) was added. T cells were cultured with 
medium alone in parallel. After 48 hr, the amounts of IL-13 in the culture supematants were measured by ELISA. Data arc presented as percent inhibition 
calculated by the equation described in "Materials and methods." Values are means ± SEM (N = 5). The amount of IL-13 without inhibitors was as follows: 
13 ± 5 pg/mL in medium alone, 1202 ± 121 pg/mL in PHA alone, and 1452 ± 186 pg/mL in anti-CD3/CD28 alone (mean ± SEM, N = 5). 



AC inhibitors, SQ22536 and 2\ 5 '-dideoxy adenosine, also 
blocked the PHA-induced IL-13 production completely (Ta- 
ble 2). These results suggest the requirement of AC for 
PHA-induced IL-13 production. Among the PDE isotype- 
specific inhibitors, the PDE1 inhibitor 8-methoxymetbyl- 
IBMX was the most inhibitory on IL-13 production (61% 
inhibition at 1 pAl; Fig. 1 A). The PDE4 inhibitor rolipram 
showed a smaller, but significantly inhibitory effect (38% 
inhibition at 10 /xM). The usage of both 8-methoxymethyl- 



IBMX and rolipram gave additive inhibitory effects, and 
completely blocked PHA-induced IL-13 production when 
added at 10 /iM each. Another PDE 1 inhibitor, vinpocetine, 
or the PDE4 inhibitor Ro-20-1724 also inhibited PHA- 
induced IL-13 production by a magnitude comparable to 
that of 8-methoxymethyl-IBMX or that of rolipram, respec- 
tively (Table 2). Neither the PDE3 inhibitor cilostamide 
(Fig. 1A) nor milrinone (Table 2) inhibited PHA-induced 
IL-13 production significantly. Likewise, the PDE2 inhibi- 
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tor EHNA did not have a significant inhibitory effect (Table 
2). PHA-induced IL-13 production was blocked completely 
by the non-specific PDE inhibitor IBMX, the AC activator 
forskolin, or the cAMP analogue 8-brorao-cAMP (Table 2). 
These results indicate that a prolonged and excessive cAMP 
signal may suppress PHA-induced IL-13 production. 

On the anti-CD3/CD28-induced IL-13 production (Fig. 
IB, Table 2), the inhibitory effects of AC and PDE inhib- 
itors were mostly comparable to those on PHA-induced 
IL-13 production; anti-CD3/CD28-induced IL-13 produc- 
tion was inhibited completely by AC inhibitors (ic^ of 
MDL 12,330A = 0.12 jxM), and was partially blocked by 
PDE1 or PDE4 inhibitors, but not by PDE2 or PDE3 inhib- 
itors. The inhibitory effect of 8-methoxyrnethyl-IBMX on 
anti-CD3/CD28-induced IL-13 production (45% inhibition 
at 10 jtM) was slightly smaller than that on PHA-induced 
IL-13 production. The addition of both 8 methoxymethyl- 
IBMX and rolipram (each at 10 /i,M) inhibited the anti- 
CD3/CD28-induced IL-13 production by 85%; however, 
the combination did not inhibit IL-13 production completely 
even with further increased concentrations, indicating the 
possible contribution of another PDE isotype(s). These re- 
sults suggest that both PDE1 and PDE4 may be required for 
PHA- or anti-CD3/CD28-induced IL-13 production, and the 
contribution of each PDE isotype to the IL-13 production 
seems to be independent. Anti-CD3/CD2 8 -induced IL-13 
production may possibly involve the other PDE isotype(s). 
We then tried to clarify at which time AC, PDE1, or PDE4 
is required after the stimuli. 

3.2. Time-dependence for the effects of AC, PDE, and . 
PDE4 inhibitors on IL-13 production 

MDL 12.330A, rolipram, or 8-methoxymethyl-IBMX 
was added to T cells at various time points before, simul- 
taneously with, or after the stimuli, and the inhibitory ef- 
fects on IL-13 production were compared. In PHA-stimu- 
lated T cells, the inhibitory effect of each agent was most 
potent when added before the stimulus, and decreased with 
delayed addition after the stimulus (Fig. 2 A). The addition 
of MDL 12,330A 10 min after PHA did not inhibit IL-13 
production at all, and further delayed addition was not 
inhibitory either (data not shown). This suggests that AC 
may be required only in the very early phase (<10 min) of 
the IL-13 induction. When rolipram was added 2 hr after 
PHA, its inhibitory effect was mostly lost, although a weak 
inhibitory effect (about 8% inhibition) was detected by the 
addition at 8 hr. This indicates that PDE4 may be involved 
mainly in the first 2 hr of IL-13 induction, although it may 
also be required in the later phase. The inhibitory effect of 
8-methoxymethyl-IBMX was not reduced by addition 2 hr 
after PHA; however, the inhibitory effect gradually de- 
creased with further delayed addition. This indicates that 
PDE1 may be required for the later phase (>2 hr) of IL-13 
induction. In anti-CD3/CD28-stiraulated T cells (Fig. 2B), 
the time-dependence for the inhibition by AC, PDE1, and 



PDE4 inhibitors was mostly equivalent to that in PHA 
stimulation. We then studied the kinetics of AC and PDE 
isozyme activities after the stimuli. 

3.3. Kinetics for activities of AC and PDE isozymes 

The AC activity of T cells rapidly increased, peaked at 5 
min after PHA or anti-CD3/CD28 stimulation, and returned 
to the basal level at I hr (Fig. 3). Following the transient 
activation of AC, PDE4 activity increased and peaked at 30 
min after either stimulus, and returned to the basal level at 
2 hr (Fig. 4A). The transient activation of PDE4 was not 
blocked by actinomycin D or cycloheximide (Fig. 5A), 
indicating that the activation may not involve de novo pro- 
tein synthesis. The activation of PDE4 was blocked by the 
cAMP-dependent protein kinase (protein kinase A) inhibitor 
H-89, indicating the involvement of protein kinase A. PDE1 
activity was not detected in resting T cells, and was induced 
by PHA or anti-CD3/CD28 (Fig. 4B). PDE1 activity was 
detected at 3 hr after either stimulus, and gradually in- 
creased up to 24 hr. Although the PHA-induced PDE1 
activity appeared to be slightly higher than that induced by 
anti-CD3/CD28, the difference was not significant. The 
PHA- or anti-CD3/CD28-iiiduced PDE1 activity was sup- 
pressed by actinomycin D and cycloheximide (Fig. 5B), 
indicating the requirement of de novo protein synthesis. The 
induction of PDE 1 was not blocked by H-89, indicating that 
protein kinase A may not be involved in the induction. 
PDE3 activity was not altered by either PHA or anti-CD3/ 
CD28 (Fig. 4C). PDE2 activity was not detected in any of 
the control, PHA-, or anti-CD3/CD28-stiraulated T cells 
over a 0- to 48-hr period (data not shown). At 24 hr, the sum 
of PDE 1, 3, and 4 activities formed more than 85% of total 
PDE activity (Fig. 4D) in control, PHA-, or anti-CD3/ 
CD28-stimulated T cells. However, a small proportion of 
PDE activity was insensitive to the inhibition by 8-me- 
thoxymethyl-IBMX, EHNA, cilostamide, androlipram, i.e. 
independent of PDE1, 2, 3, and 4. In anti-CD3/CD28- 
stimulated T cells, the PDE1-, 2-, 3-, and 4-independent 
PDE activity (Fig. 4E) began to increase at 3 hr and peaked 
at 12 hr. Such an increase was not induced by PHA. At 12 
hr, the proportion of PDE1-, 2-, 3-, and 4-independent PDE 
activity was 5, 2, or 1 5% of the total PDE activity in control, 
PHA- or anti-CD3/CD28-stimulated T cells, respectively. A 
recent paper proved the mRNA expression of cAMP-spe- 
cific, rolipram-insensitive PDE (PDE7) in human peripheral 
T cells and indicated its enzymatic activity in these cells 
[23]. Since PDE7-specific inhibitor is not currently avail- 
able, a 24-bp PDE7 antisense oligonucleotide (AS-O) (5'- 
CGGCAGCTGCTAACACACTTCCAT-3') was synthe- 
sized [24] and was tested. As a control, a nonsense 
oligonucleotide (NS-O) containing a reversed sequence also 
was synthesized. In anri-CD3/CD28-stiraulated T cells, the 
increase of PDE1-, 2-, 3-, and 4-independent PDE activity 
was blocked by PDE7 AS-O but not by PDE7 NS-O (Fig. 
5C), suggesting that the activity may consist mostly of 
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Fig. 2. Time-dependence for the inhibitory effects of AC or PDE inhibitors on IL-l 3 production. T cells from five different donors (two men and three women) 
were stimulated with PHA 10 ii%Jmh (A) or anti-CD3/CD28 (each 0.1 \L%lmL) (B) in GAM-coatcd wells for 48 hr, and the amount of IL-13 in the culture 
supematants was measured by ELISA. The time when the stimuli were added is defined as 0 hr. Rolipram or 8-mcthoxymethyMBMX (each 10 jxM) was 
added 30 min before (-0.5 hr) or at the indicated time points after the stimuli. MDL 12,330A (10 pM) was added 30 min before (-0.5 hr), simultaneously 
(0 hr), or 10 min after the stimuli (0.17 hr). T cells were cultured with medium alone in parallel. Data are presented as percent inhibition calculated by the 
equation shown in "Materials and methods." The amount of IL-13 without inhibitors was as follows: 15 i 4 pg/mJL in medium alone, 1315 ± 148 pg/mL 
in PHA alone, and 1620 ± 216 pg/mL in anti-CD3/CD28 alone (mean ± SEM. N = 5). 
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Fig. 3. Kinetics of AC activity. T cells from five different donors (two men 
and three women) were cultured with PHA (10 jAg/mL) or anti-CD3/CD28 
(each 0.1 ng/mL) in GAM -coated wells. T cells were cultured with me* 
dium alone in parallel. The AC activity was measured at the indicated time 
points after the stimuli. Values arc means ± SEM (N = 5). 

PDE7 [25]. The increase of PDE1-, 2-, 3-, and 4-indepen- 
dent PDE activity was blocked by actinomycin D and cy- 
cloheximide (Fig. 5C), indicating the requirement of de 
novo protein synthesis. The increase of PDE1-, 2-, 3-, and 
4-independent PDE activity was not blocked by H-89, in- 
dicating that protein kinase A may not be involved in the 
increase. 

We then analyzed PDE1 , PDE4, and PDE7 mRNA levels 
in PHA- or anti-CD3/CD28-stimulated T cells. PDE IB 
mRNA expression, undetectable in resting T cells, was 
induced by PHA or anti-CD3/CD28 after 30 min of lag 
time, and the expression was detected over a 2- to 24-hr 
period (Fig. 6). The PDE IB mRNA expression was not 
blocked by H-89, suggesting that protein kinase A may not 
be involved in the expression. PDE4A mRNA expression 
was detected in resting T cells, and the mRNA level was not 



altered by either PHA or anti-CD3/CD28; the intensity ratio 
of PDE 4A/0-actin RT-PCR products in PHA- or anti-CD3/ 
CD28-stimulated T cells was 94-104% of that in control T 
cells over a 0.5- to 24-hr period The PDE4B and 4D mRNA 
levels were not increased by PHA or anti-CD3/CD28, ei- 
ther. PDE4C mRNA expression was not detected in any of 
control, PHA- or anu-CD3/CD28-stimu!ated T cells. Thus, 
PHA and anti-CD3/CD28 promoted PDE I mRNA expres- 
sion in T cells but not that of PDE4. PDE7 mRNA expres- 
sion was detected in resting T cells, and the mRNA level 
was enhanced by anti-CD3/CD28 at 4 hr; the intensity ratio 
of PDE7/0-actin RT-PCR products in anti-CD3/CD28- 
stimulated T cells was 3-fold of that in control T cells. The 
enhancement of PDE7 mRNA expression was specifically 
inhibited by PDE7 AS-O, but not by PDE7 NS-O. When the 
RT-PCR reaction was performed without reverse transcrip- 
tase, no detectable bands were obtained on agarose gels with 
the primer pair for PDE4A (Fig. 6) or the other pairs 
(data not shown), indicating that the bands seen for 
amplified cDNA were not due to the contamination of 
genomic DNA. To clarify the roles of AC and PDE 
isozymes in the regulation of the cAMP level, we exam- 
ined the kinetics of the level of cAMP after PHA or 
anti-CD3/CD28 stimulation. 

3.4. Kinetics of the intracellular cAMP level in PHA- or 
anti-CD3/CD28-stimulated T cells 

As shown in Fig. 7, the cAMP level of T cells increased 
2. 1 - or 2.2-fold above the basal level at 5 mm after PHA or 





rcinmln Time Time 



Fig. 4. Kinetics of total and isotype-specific PDE activities. T cells from five different donors (two men and three women) were cultured with PHA (10 
Mg/mL) or anti-CD3/CD28 (each 0.1 n&mL) in GAM-coated wells. T cells were cultured with medium alone in parallel. PDE4 (A), PDE! (B), PDE3 (Q, 
total PDE activity (D), and PDEI-, 2-, 3-, and 4-independent PDE activity (E) were measured at the indicated time points as described in "Materials and 
methods " Values are means ± SEM (N = 5). 
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Fig. 5. Effects of various agents on PHA- or anti-CD3/CD28-induced increases of PDE4 (A), PDEI (B), and PDE1-, 2-, 3-, and 4-independent PDE (C) 
activities. T cells from five different donors (two men and three women) were cultured for 30 min (A). 24 hr (B), or 12 hr (C) with PHA (10 ngtoiL) or 
anti-CD3/CD28 (each 0.1 ng/mL) in GAM-coated wells in the presence or absence of actinomycin D (ActD, 10 pgfmL), cycloheximide (CHX, 10 ps/mL)* 
H-89 (0.5 fiM), PDE7 AS-0 (20 jtM), or PDE7 NS-O (20 /iM). T cells were cultured with medium alone in parallel. Cells were lysed, and the activities 
of PDE subtypes were measured as described in "Materials and methods" Values are means ± SEM (N = 5). ND, not done. Key: (♦) P < 0.05 vs the values 
of control T cells with medium alone, (t) P < 0.05 vs the values of T cells with PHA alone, and (?) P < 0.05 vs the values of anti-CD3/CD28 alone. 





anti-CD3/CD28, respectively, then returned to the basal 
level at 2 hr, and continued to decrease further up to 24 hr, 
when the cAMP amount in PHA- or anti-CD3/CD28-stim- 
ulated cells was 25 or 20% of the basal level, respectively. 
The early increase of cAMP was consistent with the early 
activation of AC (Fig. 3), and was inhibited concentration- 
dependently by MDL 12,330A (Fig. 8); the ic 50 values of 
MDL 1 2,330 A for the inhibition of cAMP increase were 
0.09 or 0.15 /xM in PHA- or anti-CD3/CD28-stimulated T 
cells, respectively, which was comparable to the ic 50 values 
for the inhibition of IL-13 production (Fig. 1). These results 
indicate that the inhibition of IL-13 production by MDL 
12,330A may be mediated by the inhibition of an early 
cAMP signal. Rolipram blocked the recovery from the el- 
evated cAMP level for the first 2 hr after either stimulus, 
which is indicative of the transient activation of PDE4 in 
this phase (Fig. 4A). 8-MethoxymethyI-lBMX did not affect 
the kinetics of the cAMP level for the first 2 hr after either 
stimulus; however, it blocked the decrease of cAMP over a 
2- to 48-hr period, which is consistent with the continuous 
activation of PDEI in this phase (Fig. 4B). When both 
8-methoxymethyl-IBMX and rolipram were added, the 
cAMP level remained elevated over a 48-hr period. These 
results suggest that PHA or anti-CD3/CD28 may initially 
(^5 min) activate AC in T cells and increase cAMP. There- 
after, PDE4 and PDEI may be successively activated and 
prevent prolonged cAMP accumulation; PDE4 may mainly 
reverse the early cAMP increase during the first 2 hr, while 
PDEI may further reduce the cAMP level in the later phase. 
Both the time-dependent increase and decrease of cAMP 
may be required for IL-13 production. 



4. Discussion 

PHA or anti-CD3/CD28 transiently activated AC and 
generated cAMP signal in the early phase (<5 min). PHA 
binds to the TCR/CD3 complex and CD2 on the T cell 
surface [26,27]. Although TCR/CD3 .and CD2 do not di- 
rectly couple to AC, PHA binding to these molecules trig- 
gers the activation of phospholipase C [28-30], and the 
phospholipase C-mediated signals activate AC [29]. The 
activated phospholipase C generates inositol 1,4,5-triphos- 
phate and diacylglycerol; the former induces intracellular 
Ca 2+ mobilization and the latter activates protein kinase C 
[29]. It has been reported that Ca 2+ forms a complex with 
cytosolic calmodulin and that the Ca 2 ^/calmodulin complex 
binds to AC and activates this enzyme, while protein kinase 
C also activates AC by phosphorylation [31]. Thus, PHA 
may activate AC indirectly via the TCR/CD3- and CD2- 
mediated phospholipase C pathway [32]. Since the stimu- 
lation of CD28 also triggers the activation of phospholipase 
C [33], CD3 and CD28 cross-linking may lead to AC 
activation via phospholipase C in a manner mimicking 
PHA. PHA or anti-CD3/CD28 increased the T cell cAMP 
level about 2-fold above the background, which was a 
smaller effect than that by typical AC stimulators; 10 jiM 
prostaglandin E2 or 100 /iM forskolin increased the T cell 
cAMP level 18- to 20-fold above the background [9,18]. 
However, PHA- or anti-CD3/CD28-induced cAMP signal 
was necessary for IL-13 production and, thus, may be at 
least one of the triggering signals for IL-13 induction. To 
date, the involvement of AC in IL-13 production has not 
been studied precisely although previous papers suggest that 
cAMP may be the initial signal for DNA synthesis in PHA- 



N. Kanda, S. Watanabe I Biochemical Pharmacology 62 (2001) 495-507 



503 





Agents (-) PHACD3 (-) PHA PHACD3CD3 CD3 CD3 

/28 /28 728 /28 728 



+ + + + 

H89 H89ASO NSO 



i 1 i 1 

Time o.5h • 4h 

Fig. 6. RT-PCR analysis of PDE1 , PDE4, and PDE7 niRNA expression. T cells from one healthy woman were cultured for 0.5 or 4 hi with PHA (10 f*g/niL) 
or with anti-CD3/CD28 (each 0.1 pg/mL) in GAM-coated wells in the presence or absence of H-89 (0.5 jiM), PDE7 AS-O (20 /aM), or PDE7 NS-0 (20 
/*M). RT-PCR was performed as described in "Materials and methods." Negative controls shown are the RT-PCR products for PDE4A performed without 
reverse transcriptase in cDNA synthesis (RT (-)). Data are representative of five separate experiments using T cells from rive different donors (two men and 
three women). 



stimulated T cells [34,35]. Since cAMP activates protein 
kinase A, this kinase may promote the early step of IL-13 
production. One possible mechanism is that cAMP may 
induce the synthesis and/or activity of a certain transcription 
factors) crucial for IL-13 transcription. One candidate is 
AP-2 since an AP-2 binding site is present in the 5'-flanking 
region of IL-13 genes [36]. It has been reported that cAMP 
induces AP-2 transcription via protein kinase A in neuro- 
ectodermal cells [37,38]. It has also been suggested that 
cAMP may promote the interaction of AP-2 with another 
protein(s) to form more potent transcriptional complexes 
[39], or that cAMP may release an inhibitory protein(s), 
which may be constitutively associated with AP-2 and thus 
prevent the binding of AP-2 to DNA [40]. 

The PDE 1 and 4 activities in T cells increased following 
AC activation, and also were required for IL- 1 3 production. 



PDE1 and 4 inhibitors prolonged cAMP accumulation, 
which appeared to suppress IL-13 production, thus suggest- 
ing that cAMP may inhibit the later events in IL-13 pro- 
duction. One possible mechanism is that cAMP may reduce 
the stability of IL-13 mRNA, which was also seen on IL-2 
[41] or IL-4 mRNA in a previous study [10]. PDE1 and 4 
may suppress cAMP accumulation and thus prevent the 
putative inhibitory effect of cAMP in the later phase. 

The transient activation of PDE4 did not require de novo 
protein synthesis but involved protein kinase A. These find- 
ings indicate that protein kinase A, which is activated by the 
early cAMP signal, may activate PDE4 direcdy; it has been 
reported that protein kinase A phosphorylates FDE4D3 at 
serine 54, which induces rapid and reversible activation of 
PDE4D3 [42]. In the present study, the transiently activated 
PDE4 reversed the initial cAMP increase by hydrolysis, 
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Fig. 7. Kinetics of the intracellular c AMP level. T celts from one healthy woman were preincubated for 30 min with medium alone or with medium containing 
MDL 12,330A (10 nM), or rolipram and/or 8-mcthoxymcthyl-fBMX (each 10 /iM) in CAM-coatcd wells; then PHA (final concentration of 10 jig/mL) (A) 
or anti-CD3/CD28 (each 0.1 jig/mL) (B) was added. T cells were cultured with medium alone in parallel. The intracellular cAMP level was analyzed at the 
indicated time points after the stimuli. The mean of triplicate cultures is shown; the SDs were < 10% of the means. The data are representative of five separate 
experiments using T cells from five different donors (two men and three women). 



indicating a negative feedback control of the level of c AMP. 
Recent studies have also reported that PDE4 transcription is 
promoted by a prolonged and excessive cAMP signal, 
8-bromo-c AMP or forskolin-enhanced PDE4D transcription 



in T cells [18,43], indicating the presence of cAMP-induc- 
ible sites in the PDE4D promoter. In the present study, 
however, neither PHA nor anti-CD3/CD28 enhanced the 
level of PDE4D mRNA. This is possibly because the PHA- 
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Fig. 8. Concentration-dependency for the inhibitory effects of MDL 
I2.330A on PHA- or anti-CD3/CD28-induced cAMP increases. T cells 
from five different donors (two men and three women) were preincubated 
for 30 min with medium alone or with medium containing MDL 12,3 30 A 
at the indicated concentrations in GAM -coated wells; then PHA (final 
concentration of 10 ngfrriL) or anti-CD3/CD28 (each 0.1 jig/mL) was 
added. T cells were cultured with medium alone in parallel. The intracel- 
lular cAMP level was analyzed at 5 min after the stimuli. Data are 
presented as percent inhibition calculated by the following equation: 
(cAMP amount with stimulus alone - cAMP amount with stimulus plus 
inhibitor) +■ (cAMP amount with stimulus alone - cAMP amount with 
medium alone) X 100 (%). Values are means ± SEM (N = 5). The cAMP 
amount without MDL I2,330A was as follows: 2.1 ± 0.3 pmol/10 6 cells in 
medium alone, 4.3 ± 0.6 pmol/10 6 cells in PHA alone, and 4.6 ± 0.8 
pmol/10 6 cells in anti-CD3/CD28 alone (mean ± SEM, N = 5). 

or anti-CD3/CD28-induced cAMP signal was transient, and 
thus may be insufficient for the transcriptional induction. 

The enzymatic activity and mRNA expression of PDE1, 
undetectable in resting T cells, were induced by PHA or 
anti-CD3/CD28. Protein kinase A was not involved in the 
PDE1B mRNA expression. Previous studies supported the 
hypothesis that PHA induces PDE1 mRNA expression and 
enzymatic activity [44,45], although PDE1 induction by 
anti-CD3/CD28 has not been reported. Our present results 
indicate that PDE1B transcription may possibly be induced 
by certain protein kinase A-independent signals mediated 
commonly by PHA and anti-CD3/CD28; one candidate is 
protein kinase C since both PHA and anti-CD3/CD28 acti- 
vate protein kinase C via phospholipase C in T cells [28]. 
Spence et al. [19] also reported that the protein kinase C 
activator phorbol 12-myri state 13 -acetate induces PDEi 
mRNA expression in Chinese hamster ovary cells. 

In this study, PDE7 mRNA expression in T cells was 
enhanced by anti-CD3/CD28 but not by PHA, which is 
consistent with results in recent studies [24,46]. It is thus 
indicated that PDE7 mRNA expression may be mediated 
via certain CD28-triggered signals that may not be induced 
by CD2 or CD3, such as acidic sphingomyelinase [47]. 
Anti-CD3/CD28 increased PDE1-, 2-, 3-, and 4-indepen- 
dent PDE activity while PHA did not The increase of this 
activity was blocked by PDE7 AS-O, indicating the contri- 
bution of PDE7. However, we cannot verify that the PDEI-, 
2-, 3-, and 4-independent PDE activity is authentically that 



of PDE7 due to the lack of a PDE7-selective inhibitor. 
Besides, we cannot currently examine if PDE7 AS-0 can 
reliably abrogate PDE7 protein expression in anti-CD3/ 
CD28-activated T cells by Western blot or similar experi- 
ments since PDE7-specific antibody is not available. In our 
preliminary studies, PDE7 AS-0 slightly reduced IL-13 
production in anti-CD3/CD28-activated T cells (approxi- 
mately 15%), which was not statistically significant (data 
not shown). Thus, it still seems premature to conclude that 
PDE7 may regulate IL-13 production in anti-CD3/CD28- 
activated T cells. The possible role of PDE7 should be 
elucidated in future studies. The PDEI-, 2-, 3-, and 4-inde- 
pendent PDE activity may also consist of other isozymes 
different from PDE7, such as cAMP-specific IBMX-insen- 
sitive PDE (PDE8) [48], although the activity of these 
isozymes may be low. Since specific inhibitors for these 
isozymes are not currently available, we cannot examine 
their activities or those of PDE7 correctly. However, it is 
possible that these minor PDE isozymes may be related to 
IL-13 production in T cells. This possibility should be 
investigated further with developing selective inhibitors for 
the isozymes. 

AC, PDEI, and PDE4 inhibitors suppressed IL-13 pro- 
duction. Since IL-13 is closely related to the development of 
atopic dermatitis, asthma, or allergic rhinitis [2,3], these 
agents can be used therapeutically for these allergic dis- 
eases. Patients with atopic dermatitis are particularly asso- 
ciated with increased PDE activity [49], which may be 
related to the increased IL-13 production in these patients. 
Therefore, it is expected that a PDEI and/or PDE4 inhibitor 
may prevent the development of atopic dermatitis via the 
inhibition of IL-13 production. We are now studying the 
effects of these agents on IL-13 production by the T cells of 
these patients. 
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toward SDF-1 and efficient engraftment by 
converted CD34*CD38- /low CXCR4 + cells, 
properties that were similar to those of the 
original migrating miction (M) (Fig. 4A). 

Self-renewal of stem cells can only be 
determined by their ability to also repopulate 
secondary transplanted recipients with high 
numbers of both myeloid and lymphoid cells. 
Consistent with previous studies, secondary 
transplanted mice that received untreated hu- 
man cells showed little engraftment (Fig. 4B, 
panel a) (22). Human interleukin-6 (IL-6) 
synergizing with SCF induced high levels of 
CXCR4 expression on CD34+ cord blood 
cells (Fig. 4C). Incubation of bone marrow 
cells from primary transplanted mice with 
SCF and IL-6 for 48 hours resulted in up- 
regulation of surface CXCR4 expression 
(Fig. 4B, panel c) and increased migration of 
human progenitor cells to SDF-1 in vitro 
(Fig. 4B, panel d). Transplantation of similar 
numbers of human cells from the bone mar- 
row of primary transplanted mice after treat- 
ment with these cytokines resulted in higher 
engraftment levels in secondary transplanted 
mice compared with mice transplanted with 
untreated cells (Fig. 4B f panel b versus panel 
a). Thus, by up-regulating surface CXCR4 
expression on primitive cells, the population 
of self-renewing CD34 + CD38~ /low SRC 
stem cells could be increased. 

Our data provide evidence that CXCR4- 
dependent migration to SDF-l is essential for 
human stem cell function in NOD/SC1D 
mice. We characterized SRCs further as 
CD34*CD38- /low CXCR4 + stem cells and 
showed that CD34+CD38-' kw CXCR4- /ll,w 
cells can be converted into functional 
CXCR4"*" stem cells by cytokine treatment. 
This suggests that migration tp SDF-1 is as- 
sociated with localization of stem cells in the 
bone marrow, permitting differentiating cells 
with reduced migration levels to exit into the 
blood circulation. In conclusion, our findings 
define human CD38" /tew CXCR4 + cells as 
stem cells endowed with migration and re- 
population potential and provide insights into 
human stem cell biology. 
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CD3- and CD28-Dependent 
Induction of PDE7 Required for 
T Cell Activation 

Unsong Li, 1 Casslan Yee, 2 Joseph A. Beavo 1 * 

Costimulation of both the CD3 and CD28 receptors is essential for T cell 
activation. Induction of adenosine 3 '.5 '-monophosphate (cAMP)-sperific phos- 
phodiesterase-? (PDE7) was found to be a consequence of such costimulation. 
Increased PDE7 in T cells correlated with decreased cAMP, increased interieu- 
kin-2 expression, and Increased proliferation. Selectively reducing PDE7 ex- 
pression with a PDE7 antisense oligonucleotide inhibited T cell proliferation; 
inhibition was reversed by blocking the cAMP signaling pathways that operate 
through cAMP-dependent protein kinase (PKA). Thus, PDE7 induction and con- 
sequent suppression of PKA activity is required for T cell activation, and inhi- 
bition of PDE7 could be an approach to treating T cell- dependent disorders. 



Activation of peripheral T cells in vivo by an 
antigen-presenting cell is a result of the en- 
gagement of both the T cell receptor-CD3 
complex (TCR-CD3) and the CD28 costimu- 
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latory receptor. When both receptors are oc- 
cupied by their appropriate ligands, T cells 
are stimulated to proliferate and produce in- 
terleukin-2 (IL-2), whereas occupation of the 
T cell receptor alone fevors T cell anergy or 
apoptosis (J). Occupation of the CD28 recep- 
tor alone appears to have no obvious effect on 
T cells; nevertheless, CD28 costimulation is 
required for full activation of CD4 T helper 
cells, if not all T cells (2). Why is CD28 
costimulation required for T cell activation? 
One possible reason has been suggested by 
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the observation that ligation of TCR-CD3 
initiates not only stimulatory signal transduc- 
tion pathways, such as the MAP kinase (mi- 
togen-activated protein kinase)- dependent 
signaling pathways (J) and the NFAT (nucle- 
ar factor of activated T cells)- dependent sig- 
naling pathways (4), but also inhibitory sig- 
nal transduction pathways such as the PKA 
(the cAMP-dependent protein kinase)-de- 
pendent signaling pathway (5). PKA can in- 
hibit proliferation in many cell types, includ- 
ing fibroblasts (Rat- 1 and NIH 3T3 cells), 
smooth muscle cells, and adipocytes (6*), as 
well as T cells (7). Phosphorylation of NFAT 
by PKA can abolish the translocation of 
NFAT from the cytoplasm to the nucleus (8)\ 
and phosphorylation of Raf kinase, again by 
PKA, can block the MAP kinase- dependent 
signaling pathway (P). Both the translocation 
of NFAT and the MAP kinase-dependent 
signal are essential for IL-2 gene expression 
(3, 4). It is plausible, therefore, that to be- 
come fully activated, T cells require addition- 
al TCR-independent signals to overcome 
PKA inhibition. 

Because phosphodiesterases (PDEs) play a 
major role in down-regulation of PKA activity 
by hydroryzing cAMP in many cell types (70, 
and PDE7 protein appears to be detected only 
in lymphocytes (//), we reasoned that PDE7 
might play a role in regulating T cell activation. 
To test this hypothesis, we first analyzed North- 
em (RNA) blots to determine the tissue distri- 
bution of PDE7. Consistent with previous work 
demonstrating that PDE7 contributed up to 
40% of total PDE activity in several T cell lines 
(JJ\ PDE7A1, one of the two RNA splicing 
variants of PDE7, is predominantly expressed 
in human lymphoid tissues (Fig IB). However, 
the PDE7 protein was barely detectable in iso- 
lated peripheral T cells (Fig. 2A), but PDE7 
activity was increased by co stimulation of T 
cells with antibodies to CD3 and CD28 (Fig. 
2B); whereas the activity of PDE4, the other 
major isoform of cAMP-specific PDE in T 
cells, remained unchanged (72). Very high dos- 
es of antibody to CD3 (anti-CD3) or antibody 
to CD28 (anti-CD28) alone could induce PDE7 
{12). However, at lower doses that are more 
likely to mimic the normal physiological state 
(0.2 ng of anti-CD3 per milliliter and 0.2 u-g of 
anti-CD28 per milliliter), only the combination 
of the two antibodies increased the amount of 
PDE7 protein (Fig. 2A) and its activity (Fig. 
2B), decreased cAMP levels (Fig. 2C\ in- 
creased IL-2 expression (Fig. 2D), and promot- 
ed proliferation (Fig. 2E), in isolated peripheral 
T cells. 

To investigate whether induction of PDE7 
was not merely correlated with but essential for 
T cell proliferation, we tested the effect of 
blocking PDE7 expression on T cell prolifera- 
tion as well as on IU2 production. Because no 
PDE7-specific inhibitor is yet available, we 
used PDE7 antisense oligonucleotides to block 



PDE7 expression Several nonoverlapping an- 
tisense oligonucleotides were tested In addi- 
tion, a series of control oligonucleotides that 



shared the same nucleotide composition with 
their corresponding antisense oligonucleotide 
but had a reversed sequence order were also 
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Fig. 1. Northern Mot 
analysis of PDE7A1 and 
PDE7A2. (A) PDE7A2 
is expressed in heart 
and skeletal muscle, 
whereas PDE7A1 is 
expressed in the pan- 
creas and the placen- 
ta. (B) PDE7A1 Is pre- 
dominantly expressed in 
lymphoid tissues. North- 
em blots of multiple 
human tissues [sample 
number 7760-1 in (A) 
and 7768-1 in (B)j 
(dontech. Palo' Alta 
CA) were hybridized 
with a M P-labeted, 12- 
kb, Not 1-Eco Rl frag- 
ment of human PDE7 
cDNA, which can hy- 
bridize with both 
PDE7A1 and PDE7A2. 

ExpressHyb solution (Oontech) was used for both prehybridization and hybridization performed at 
60*0 The ^-labeled probe, together with salmon sperm DNA (0.1 mg/ml), was added directly to the 
pre-hybridization solution for hybridizatioa Membranes were washed twice in 2X SSC [3 M sodium 
chloride and 03 M sodium citrate (pH 7.0)] and 0.1% SDS at room temperature for 10 min, then once 
in 0.1 X SSC and 0.1% SDS at 60°C for 20 mia 0-actin cDNA (aontech) was used as a control probe 
for the mRNA quantity of the Northern blots. Relative molecular weights are indicated. 7A1 stands for 
the 42-kb mRNA of PDE7A1 (75) and 7A2 for the 3.8-kb mRNA of PDE7A2 (7 7, 75). 7A3? indicates a 
possible third splice variant POE7A3. 

Fig. 2. Induction of 
PDE7 in peripheral T 
cells by anti-CD3 and 
anti-CD28 commuta- 
tion. (A) Protein im- 
munoblot analysis of 
PDE 7 protein. The 57- 
kD band (lane 4) is the 
predicted size of the 
PDE7A1 protein. The 
80-kD band, which 
cross-reacts with PDE7 
antibodies, is an un- 
known protein present 
in the particulate frac- 
tion and appears to 
have no PDE activity. 
(B) PDE activity in 
the irnrrnmoprecipitated 
protein of PDE7-spedf- 
ic antibodies was mea- 
sured using 1 }iM cAMP as a substrate. (C) A decrease in cAMP 
levels (lane 4) upon costimulation was measured by an RIA kit 
(75). (D) The increase in IL-2 expression (lane 4) and in (E) cell 
proliferation (lane 4) after costimulation was correlated with the 
PDE7 induction. The lane numbers stand for isolated peripheral T 
cells incubated with the following: lane 1, no antibody; lane 2. 
anti-CD3 (02 ng/mt); lane 3, anti-CD28 (02 ug/rrd); lane 4, both 
anti-CD3 (02 ng/ml) and anti-CD 28 (02 ng/ml). Lymphocytes 
were isolated with a FicoU-Paque isolation system (Pharmacia, 
Uppsala. Sweden). B cells were depleted with antl-CD19 conjugated Dynabeads M-450 according to the 
protocol provided (DynaL Lake Success. New York). Isolated peripheral T cells were plated into a six-well 
plate precoated with goat antibodies to mouse IgC in RPM1 1640 containing 10% fetal calf serum (5 X 
10 s cells per well). The ceQs were then stimulated with anti-CD3 alone, anti-CD28 atone, or a 
combination of both. Eight hours after incubation, the supernatant of the cell culture was collected for 
assay of IL-2 with an enzyme-Jinked immunosorbent assay (EUSA) kit (Endogen, Wobum. Massachu- 
setts), and the cells were harvested for protein immunobtot analysts, immunopreciprtation, radioim- 
munoassay of cAMP. and cell proliferation (76). 
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Fig. 3. The effect of a 
PDE7 antisense oligo- 
nucleotide on prolifer- 
ation and IL-2 produc- 
tion in Hut78 T cells. 
(A) The PDE7 anti- 
sense oligonucleotide, 
AS-O. inhibits T cell 
proliferation. (B) PDE7 
mRNA was reduced in 
the AS-O-treated cells 
analyzed by RT-PCR. 

(C) AS-0 reduced the 
57-kD PDE7 protein 
band but did not af- 
fect the 80-kD band. 

(D) AS-0 increased 
cAMP levels in the cell 

(E) AS-0 attenuated IL-2 production measured by an 
ELISA assay. The lane numbers indicate the following: 
lane 1, the POE7 antisense oligonucleotide AS-0 (12 
uM); lane 2, AS-0 along with Rp-cAMP (0.5 mM); lane 3, 
RPMM640 media; lane 4, the reversed control oligonu- 
cleotide (12 u.M); lane S, Rp-cAMP alone (0.5 u.M). The 
three antisense oligonucleotides correspond to human 
PDE7A1 cDNA sequences as described (77). Cells (5 X 
lO^'per well) were treated with 12 of PDE7 anti- 
sense oligonucleotides or with the reversed control oligonucleotides in RPMI 1640 media contain- 
ing 10% fetal calf serum. To test the effect of PKA inhibitors on cell proliferation, 0.5 mM Rp-cAMP 
(BioLOG, La Jolla, California) was added together with the oligonucleotide. Twenty-four hours after 
incubation, the cells were labeled with 1 |iO of [^thymidine per well for 20 hours and then 
harvested for scintillation counting For RT-PCR analysis, total RNA was isolated with a TRIZOL 
RNA isolation kit (Gibco-BRL). cONA was synthesized with the Superscript II reverse transcription 
system (Gibco-BRL). One-tenth the volume of the reverse-transcribed CDNA was amplified with 
PDE7- or PDE4-spedflc primers (77). The products were subjected to electrophoresis on 2% agarose 
gels. 
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tested. As shown in Fig. 3, 12 pJ4 of the AS-0 
oligonucleotide inhibited cell proliferation by 
70% (Fig. 3A, lane 1) and attenuated IL-2 
production (Fig. 3E, lane 1) in Hut78 T cells, 
which constitutively express high levels of 
PDE7 activity (77); incubation with the other 
two antisense oligonucleotides resulted in 20% 
inhibition or less (12). None of the control 
oligonucleotides had any effect on T cell pro- 
liferation and IL-2 production at this concentra- 
tion (Fig. 3, A and E, lane 4). 

To determine whether AS-0 treatment in- 
deed caused a decrease in PDE7 expression, 
we performed reverse transcription polymer- 
ase chain reaction (RT-PCR) analysis of 
POE7 mRNA and protein immunoblot anal- 
ysis of PDE7 protein from the Hut78 cells 
treated with antisense oligonucleotides or 
with the control oligonucleotides. Both the 
mRNA (Fig. 3B, lane 1) and the protein (Fig. 
3C, lane 1) of PDE7 were decreased in the 
AS-0-treated cells but were unchanged in the 
cells treated with control oligonucleotide 
(Fig. 3, B and C, lane 4). The inhibition by 
the antisense oligonucleotide was selective 
for PDE7, because the PDE4 mRNA re- 
mained unchanged in all the cells tested (Fig. 
3B, right panel). cAMP concentration in the 
AS-0-treated cells was increased 2.5 times as 
compared with cells treated with the control 
oligonucleotides (Fig. 3D). Therefore, inhibi- 
tion of T cell proliferation and IL-2 produc- 
tion by PDE7 antisense oligonucleotide ap- 



peared to be mediated through the targeting 
of PDE7 gene expression and consequent 
increases in cAMP and PKA activity. If this 
were the case, one would predict that sup- 
pression of PKA activity should reverse the 
inhibition of proliferation and IL-2 produc- 
tion by the PDE7 antisense oligonucleotide. 
As shown in Fig. 3, Rp-cAMP (0.5 mM 
Rp-adenosine 3',5'-cyclic monophosphoro- 
thioate), a PKA-specific inhibitor, completely 
reversed both the inhibition of cell prolifera- 
tion (Fig. 3A t lane 2) and the attenuation of 
IL-2 production (Fig. 3E, lane 2) in Hut 78 
cells that had been caused by treatment with 
AS-0, whereas Rp-cAMP itself had no obvi- 
ous effect on the cell (Fig. 3, A and E, lane 5). 

Conclusions based on studies with growth 
factor-independent T cell lines do not neces- 
sarily hold true in primary T cells. To confirm 
the role of PDE7 in T cell activation, we 
tested the effect of the PDE7 antisense oligo- 
nucleotide on isolated peripheral CD4 T cells 
that had been activated by anri-CD3 and anti- 
CD28. As expected, the PDE7 antisense oli- 
gonucleotide AS-0 inhibited T cell prolifera- 
tion' by 80%, whereas the reverse control 
oligonucleotide showed no inhibition (Fig. 
4). The PKA inhibitor Rp-cAMP blocked the 
inhibition of proliferation in the PDE7 anti- 
sense AS-0-treated cells (Fig. 4). Therefore, 
induction of PDE7 is essential for T cell 
activation. 

It is still not clear how PDE7 protein and 
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Fig. 4. Inhibition of primary CD4 T cell prolif- 
eration by PDE7 antisense oligonucleotides. Pe- 
ripheral T cells were isolated with anti-CD4- 
conjugated Dynabeads M-450 according to the 
provided protocol (Dynal). The isolated CD4 T 
cells were activated by anti-CD3 (0.2 ngM) 
together with anti-CD28 (0.2 u.g/rnl), with or 
without 12 uM of PDE7 antisense AS-0 or the 
reverse control oligonucleotides, in a 96-well 
plate precoated with goat antibodies to mouse. 
Rp-cAMP (0.5 mM ) was added along with the 
oligonucleotides in the defined wells. After 24 
hours of incubation. [ 3 H)thymidirte was added 
and the cells were incubated for another 24 
hours. Cell proliferation was measured as de- 
scribed above. 



activity are increased upon activation of T 
cells. Easily detectable amounts of PDE7 
mRNA were constitutively expressed in rest- 
ing T cells (Fig. IB). Therefore, the increase 
in PDE7 protein amount and activity may 
result from an up-regulation of protein trans- 
lation or a decrease in degradation. 

It has been reported that PDE4 inhibitors 
can also be effective in blocking T cell pro- 
liferation and that PDE3-inhibitors potentiate 
this blocking effect (/J).- None of the inhib- 
itors used in those studies are thought to 
inhibit PDE7, thus raising the question of 
how all three of these PDE isozymes could be 
involved in T cell proliferation. This issue 
remains unresolved, but it is perhaps worth 
noting that in other cell types, different PDEs 
have been shown to be differentially local- 
ized within the cell (JO), As a result of this 
localization, the regulation (14) and function 
of different PDEs may vary accordingly (10), 
It is also possible that changes in cAMP 
modulated by different PDE isozymes work 
at different phases of the cell cycle. In either 
of these cases, selective inhibitors of specific 
PDEs might be expected to inhibit the overall 
process of cell proliferation. 

Our data provide evidence for a mechanism 
of CD28-dependent costimulauon during T cell 
activation. The data also suggest that PDE7 
may be a good target for selective therapeutic 
modulation of T cell responsiveness. 
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Centrosome Reproduction in 
Xenopus Egg Extracts 
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The abnormally high number of centrosomes found In many human tumor cells 
can lead directly to aneuploidy and genomic instability through the formation 
of multipolar mitotic spindles. To facilitate investigation of the mechanisms 
that control centrosome reproduction, a frog egg extract arrested in S phase 
of the cell cycle that supported repeated assembly of daughter centrosomes 
was developed Multiple rounds of centrosome reproduction were blocked by 
selective inactivation of cydin-dependent kinase 2-cydin E (Cdk2-E) and were 
restored by addition of purified Cdk2-E. Confocal immunomicroscopy revealed 
that cydin E was localized at the centrosome. These results demonstrate that 
Cdk2-E activity is required for centrosome duplication during S phase and 
suggest a mechanism that could coordinate centrosome reproduction with 
cydes of DNA synthesis and mitosis. 



In animal cells, the interphase centrosome 
reproduces or duplicates only once per cell 
cycle, thereby ensuring a strictly bipolar mi- 
totic spindle axis (/). Because there is no cell 
cycle checkpoint that monitors the number of 
spindle poles (2), uncontrolled duplication of 
the centrosome can contribute to genomic 
instability through the formation of multipo- 
lar mitotic spindles. Indeed, many human 
tumor cells, including those lacking the tu- 
mor suppresser protein p53 (3), have abnor- 
mally high numbers of centrosomes (4). 

Studies of sea urchin and Xenopus embry- 
os and clam oocyte rysates have revealed that 
the centrosome cycle can be regulated solely 
by cytoplasmic mechanisms (5-8): The re- 
peated duplication of the centrosome pro- 
ceeds in the complete absence of either a 
nucleus (7) or protein synthesis (8). In theo- 
ry, the cyclical rise and fall in the activity of 
one or more cyclin-dependent kinases (Cdks) 
could be the cytoplasmic mechanism that co- 
ordinates centrosome reproduction with cell 
cycle progression. However, the fact that cen- 
trosomes repeatedly duplicate in the complete 
absence of protein synthesis indicates that the 
activities of those Cdks that are dependent on 
the translation of their cyclin subunits during 
each cell cycle (that is, Cdk I -cyclin A or 
-cyclin B or both) do not regulate centrosome 
reproduction or assembly (8). Nevertheless, 
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Cdk2-cyclin £ (Cdk2-E) remains a potential 
candidate to control centrosome duplication 
and coordinate it with nuclear events during 
the cell cycle (6*, 9, 10). Cdk2-E activity 
drives the transition from G, to S phase in 
somatic cells (7/), which is the time during 
the cell cycle when daughter centrosome as- 
sembly is thought to begin (12). Importantly, 
in early Xenopus embryos, Cdk2-E activity is 
not dependent on the synthesis and degrada- 
tion of the cyclin E subunit, as the amount of 
cyclin E remains constant until the mid-blas- 
tula transition (MBT) (13). 

To investigate whether Cdk2-E activity 
regulates centrosome duplication, we devel- 
oped an S phase-arrested Xenopus egg ex- 
tract that supports repeated centrosome repro- 
duction in vitro. We used an S phase extract 
because centrosomes will undergo multiple 
rounds of duplication during S phase arrest in 
both zygotes and somatic cells (r5, 8, 14 \ IS). 
Unlike cycling extracts, Cdk2-E activity can 
be inhibited in S phase-arrested extracts 
without the concern that this inhibition will 
block cell cycle progression at a point before 
centrosomes are normally scheduled to repro- 
duce. To make these extracts, we prepared a 
cycling Xenopus egg extract ( 16, 17) and then 
added aphidicolin, an inhibitor of o>DNA 
polymerase (18), and demembranated Xeno- 
pus sperm nuclei (19). Histone HI kinase 
activity in control extracts cycled at least 
twice with a cell cycle time of —50 min; in 
contrast, HI activity in aphidicolin-treated 
extracts remained at a constant, low amount 
for 6 hours (20, 21). Time-lapse videomicros- 
copy of aphidicolin-treated extracts revealed 
that nuclear envelope breakdown did not oc- 
cur during the 6-hour experiment (20). Thus, 
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SUMMARY 

Even though the existence of phosphodiesterase (PDE) 7 in T cells has been proved, the lack of a selec- 
tive PDE7 inhibitor has confounded an accurate assessment of PDE7 function in such cells. In order 
to elucidate the role of PDE7 in human T cell function, the effects of two PDE inhibitors on PDE7A 
activity, cytokine synthesis, proliferation and CD2S expression of human peripheral blood mononuclear 
cells (PBMC) were determined. Recombinant human PDE7A was obtained and subjected to cyclic 
AMP-hydrolysis assay. PBMC of Dermatophagoides farinae mite extract (D/)-sensitive donors 
were stimulated with the relevant antigen or an anti-CD3 monoclonal antibody (MoAb). PBMC 
produced IL-5 and proliferated in response to stimulation with Df, while stimulation with anti-CD3 
MoAb induced CD25 expression and messenger RNA (mRNA) synthesis of IL-2, IL-4 and IL-5 in 
peripheral T cells. A PDE inhibitor, T-2585, which suppressed PDE4 isoenzyme with high potency (IC» 
= 0*00013 pM) and PDE7A with low potency (IC» ■ 1-7/iM) inhibited cytokine synthesis, proliferation 
and CD25 expression in the dose range at which the drug suppressed PDE7A activity. A potent selec- 
tive inhibitor of PDE4 (IC» = 000031/jm), RP 73401, which did not effectively suppress PDE7A (IC» 
> 10 pM), inhibited the Df- and anti-CD3 MoAb-stimulated responses only weakly, even at 10 /zm. PDE7 
may play a critical role in the regulation of human T cell function, and thereby selective PDE7 inhibitors 
have the potential to be used to treat immunological and inflammatory disorders. 

Keywords cyclic AMP cytokine phosphodiesterase Tcell 



INTRODUCTION 

Cyclic AMP (cAMP) has been recognized as an important second 
messenger regulating immune and inflammatory responses. 
Agents with the ability to elevate intracellular cAMP levels have 
been demonstrated to possess immonosuppressive and anti- 
inflammatory properties [1,2]. These effects are caused in part by 
the inhibition of various T cell functions including proliferation 
[3], cytokine production [4-6] and expression of activation 
markers on the cell surface [7]. 

One mechanism by which cAMP may be elevated within cells 
is by inhibition of phosphodiesterase (PDE). PDE comprises a 
family of enzymes, currently known to exist in at least 11 differ- 
ent isoenzyme forms which are characterized by a variety of prop- 
erties, including their sensitivity to different inhibitors [8-12]. 
With regard to T cell function, the existence of three distinct 
cAMP-PDE isoenzymes, PDE3, 4 and 7, has been implicated 
[13-16]. However, earlier studies have not clarified the compara- 
tive roles of these isoenzymes in the degradation of intracellular 
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cAMP in human T cells. PDE4 is one of the most convincing 
candidates for this role, as inhibition of various T cell functions 
by 'so-called' selective PDE4 inhibitors has been documented 
[14 J 6-1 9). Nevertheless, several earlier studies are in apparent 
contradiction with the idea of a principle role for PDE4, as the 
potency of PDE4 inhibitors to suppress cytokine production and 
proliferation of human peripheral T cells was not correlated with 
their ability to suppress PDE4 activity [19-23]. Regarding PDE3, 
few reports support the contribution of PDE3 in the regulation 
of T cell function, and a lack of effect of various PDE3 inhibitors 
on T cell activation has been documented [16-19,22,23]. The exis- 
tence of a rolipram-msensitive cAMP-PDE type enzyme in T cells 
was described first by Ichimura and Kase [13] and thereafter it 
was identified as PDE7A by Bloom and Beavo [24]. However, the 
role of PDE7 in T cell function is still unclear, as a selective PDE7 
inhibitor bad not been established. 

We have generated a new PDE inhibitor, T-2585 (2-(4-[2,3- 
bis(hyoroxymethyl)-6J-diethoxy-l-naphthalenyl|-2-pyridinyl]- 
4-(3-pyridinyl)-l(2H)-phthalazinone) [25]. This agent displays 
potent inhibitory activity against PDE4 (IGs> = 0-00013 pM) and 
14 000-fold greater selectivity compared with PDE3 [25]. Another 
PDE4 inhibitor, RP 73401 (3-cyclopentyloxy-W-(3^-dichloro- 
4-pyridyl)-4-methoxybenzamide), has been evaluated to have 
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similar potency of PDE4 suppression (ICso = 0O0031 /im) to T- 
2585 [25,26]. RP 73401 failed to suppress the activity of other 
PDE isoenzymes even at 10 pM [25-27]. 

In this study, we obtained an interesting result in that T-2585 
suppressed PDE7A activity with an 1C» of 1-7 /im, whereas RP 
73401 suppressed it only weakly at 10/iM. This finding provides a 
useful insight into the significance of PDE7 in T cell function, 
since it is possible to predict the potential role of PDE7 by 
comparing the effects of the two PDE inhibitors, fn this study, 
therefore, the effects of T-2585 and RP 73401 on various T cell 
functions were characterized using human peripheral blood 
mononuclear cells (PBMC). 

MATERIALS AND METHODS 

Materials 

T-2585 and RP 73401 were synthesized by the Discovery 
Research Laboratory, Tanabe Seiyaku Co. (Osaka, Japan). Der- 
matoplxagoides farinae mite extract {Df, Torii Pharmaceutical 
Co., Tokyo, Japan), anti-CD3 monoclonal antibody (MoAb; 
Ortho, Raritan, NJ, USA), purified rat antimouse/human IL-5 
monoclonal antibody (Pharmingen, San Diego, CA, USA), 
biotinylated rat antihuman IL-5 monoclonal antibody (Phar- 
mingen), Cell Titer 96™ AQueous Non-Radioactive Cell Pro- 
liferation Assay kit (Promega, Madison, WI, USA), ISOGEN 
(Nippongene, Tokyo, Japan), murine Moloney leukaemia virus 
reverse transcriptase (Perkin-Elmer Cetus, Norwalk, CT, USA), 
GeneAmp® DNA polymerase (Perkin-Elmer Cetus), RT-PCR 
Amplimer Sets (Clontech, Palo Alto, CA, USA), fluorescein iso- 
cyanate (FlTC)-labelled anti-CD25 antibody (Becton Dickinson; 
Franklin Lakes, NJ, USA), phycoerythrin (PE)-labelled anti-CD3 
antibody (Becton Dickinson), Ficoll-Paque (Pharmacia, Uppsala, 
Sweden) and AIM-V medium (GlBCO BRL, Gaithersburg, MD, 
USA) were used. All other reagents were obtained from Sigma 
(St Louis, MO, USA). 

Expression of recombinant PDE7A protein 
Recombinant human PDE7A was prepared as described previ- 
ously [12]. The cDNA encoding human PDE7A (GeneBank 
accession no. Q13946) [28], amplified by polymerase chain reac- 
tion (PCR), was cloned in pFLAG expression vector (Amersham 
Pharmacia Biotech, Uppsala, Sweden). The correct sequence of 
the resulting construct, pFLAG-PDE7A, was verified by sequenc- 
ing. The plasmid was transfccted into COS-7 cells by LipofeclA- 
MINE 2000 (GlBCO BRL) according to the manufacturer's 
instructions. Forty-eight hours after transfection, cells were 
washed with ice-cold phosphate-buffered saline and scraped in 
ice-cold homogenization buffer {20 mM Tris-HCl. pH7-4, 2mM 
magnesium acetate, 0-3 mM CaCl 2 , ImM dithiothreitol, 1-3 mM 
benzamidine and 1 mM NaN 3 ). The cell suspension was disrupted 
by a sonicator (TOMY Seiko, Tokyo, Japan) for 15 s (twice at 1- 
min intervals), and homogenates were centrifuged at 100000 x g 
for 60min The resultant supernatant was collected and stored at 
4°C until use. The protein concentration of the supernatant was 
determined by a DC protein assay kit (Bio-Rad, CA, USA) using 
bovine serum albumin as a standard. 

Assay ofcAMP-PDE activity 

PDE activity was determined by a modification of the method of 
Thompson et al. [29J. The assay buffer contained 50 mM Tris-HCi, 
pH 8-0, 5 mM MgQ 2 , 4 mM 2-mercaptoethanol, 0-33 mg/ral bovine 



serum albumin, 22 nM pH]cAMP and unlabelled cAMP. Reac- 
tions were started by adding 0-2-0-5 pi enzyme solution to 500 
assay buffer, and incubated at 37°C for 30min. After boiling for 
90s, the mixture was added to 100 pi of 1 mg/ral Crotalus atrox 
snake venom and incubated at 37*C for 30min. Reactions were 
stopped by the addition of 500 pM methanol, and the resultant 
solutions were applied to Dowex (I x 8*400) columns. Aqueous 
scintillation mixture was added to each eluate, and radioactivity 
was measured with a scintillation counter. In evaluation of the 
effects of PDE inhibitors, the agents examined were dissolved in 
dyraethyl sulphoxide. Assays were performed in triplicate at three 
or four different concentrations, the mean of the determinations 
at each concentration was plotted, and ICso values were deter- 
mined graphically. 

Preparation of human PBMC 

Adult male volunteers who were employees of Tanabe Seiyaku 
Co. were enlisted. All subjects gave written informed consent to 
the protocol as approved by the Company's ethics committee. As 
a result of preliminary examination, we decided to enroll nine 
donors whose PBMC produced IL-5 and proliferated in response 
to Df antigen in this study. No subjects were receiving medica- 
tion. Heparinized venous blood was taken between 9 and 10 a.m. 
PBMC were prepared by Ficoll-Paque density gradient centrifu- 
gation as described previously [20]. Cells were washed and sus- 
pended in AIM-V medium. 

Cell cultures 

PBMC suspended in AIM-V medium (2 x lfZ/ml) were cultured 
in 24-well culture plates with or without D/for 6 days. In some 
experiments, PBMC were cultured with anti-CD3 MoAb 
(1 ng/ml) for the designated time periods. For cytokine assays, 
supernatants were harvested, and then frozen at -70°C until used. 
Each test compound was added at the start of culture. 

Quantification of IL-5 in culture supernatants 
Concentration of IL-5 in the culture supernatant was measured 
by enzyme-immunoassay (EIA). Purified rat antimouse/human 
IL-5 MoAb and biotinylated rat antihuman IL-5 MoAb were used 
as the capture and detection antibodies, respectively. The range 
of detection of the assay system was 2pg/ml to 10 ng/ml. 

Cell proliferation assay 

After PBMC (2 x lOVwell) were cultured for 6 days with Df and 
test compound in 96-well flat-bottomed culture plates, prolifera- 
tion was assessed by the bioreducUon of tetrazolium salt into f or- 
mazan as previously described [30] with Cell Titer 96 m AQueous 
Non-Radioactive Cell Proliferation Assay kit according to the 
manufacturer's manual. Briefly, 20 pi tetrazolium assay solution 
was added to 100 pi cell culture in each well. After incubation for 
4 h at 37°C, the absorbance of each well at 515 nm was measured. 
Results were expressed as stimulation index, which was calculated 
as the ratio of the absorbance in stimulated culture to that in 
control culture. 

Cytokine messenger RNA (mRNA)expression 
Gene expression of IL-2, IL-4 and IL-5 was analysed by the re- 
verse transcription-polymerase chain reaction (RT-PCR) method, 
as reported previously [31]. Briefly, RNA was extracted from the 
pelleted cells essentially following the one-step acid guanidinium 
isothiocyanate/phenol chloroform extraction method [32] using 
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ISOGEN. cDNA was synthesized from 1 p% cytoplasmic RNA 
using random primers and murine Moloney leukaemia virus 
reverse transcriptase. PCR was performed using the following 
RT-PCR amplimer sets. 

112 5'-CATGCACTAAGTCTTGCACTTGTCA-3' 

5'-CGTTGATATTGCTGATTAAGTCCCrG-3' 
11-4 5'«ATGGGTCTCACCTCCCAACTGCT-3' 

5'-CGAACACTTTGAATATTTCTCrcrCAT-3' 
11-5 5'-GCTTCTGCATTTGAGTTTGCTAGCr-3' 

5'-TGG CCGTCA ATGTATTTCriTATTAAG-3' 
P-actin 5'-ATGGATGATGATATCGCCGCG-3' 

5'CTAGAAGCATTTGCGGTGGAC 

GATGGGGGCC-3' 

To 50/il (final volume) amplification solution (50 mM KQ, 10 mM 
TWs-HCl (pH8-3), 2mM Mgd 2 , 001% gelatin, 0-2 mM each 
deoxynucleotide triphosphate), 2/d cDNA (corresponding to 
about 250ng starting RNA material), 0-4 /iM each primer, and 
2 U GeneAmp* DNA polymerase were added. The mixture was 
heated at 95°C for 2min, followed by 30 cycles, each consisting 
of incubation for 30 s at 95°Q 30 s at 60°C and 90 s at 73°C The 
PCR products were analysed by 2% agarose gel electrophoresis 
in the presence of ethidium bromide. Expected sizes of PCR 
amplification products were 305, 456, 294, and 838 bp for 11^2, IL- 
4, 11^5 and 0-actin, respectively. 

Flow cytometric analysis of CD25 expression on cell surface 
ofPBMC 

After PBMC (2 x lOVwell) were cultured for 3 days with anti-CD3 
MoAb (lng/ml), cells were harvested, washed and resuspended 
in staining buffer (PBS supplemented with 0-25% BSA and 01% 
NaNj). After blocking with murine IgG for 1 h at 4°C, these cells 
were incubated with FITC-labelled anti-CD25 antibody or their 
control antibodies of appropriate isotype for 30min at 4°C In 
some experiments, cells were counter-stained with PE-labelled 
anti-CD3 antibody. After another two washes, cells were analysed 
using a FACScan* flow cytometer (Becton Dickinson, Mountain 
View, CA, USA). Dead cells were gated out by their forward 
and angle light scatter profile. Data were analysed using the 
CellQuest® program. 

Statistics 

All data are presented as mean or mean ± s.e. Statistical analysis 
was performed by paired or Student's t-test for comparison 
between two groups and one-way anova with Bonferroni's 
method for three groups or more. P < 0-05 was considered statis- 
tically significant. 



RESULTS 

Effects of PDE inhibitors on PDE7 activity 
The first experiment was carried out to delineate the effects of 
T-2585 and RP 73401 on PDE7 activity, using purified recom- 
binant human PDE7A. T-2585 inhibited PDE7A activity in a 
concentration-dependent manner (0-1-10 /iM), and the IQo value 
of PDE7A inhibition by T-2585 was estimated to be 1-7 /xm (Table 
1). On the contrary, relatively weak suppression of PDE7A activ- 
ity was obtained with the other PDE inhibitor, RP 73401, with 
maximum inhibition at lOpM being only 35%. 

©2002 



Table 1. Effects of T-2585 and RP 73401 on PDE4 and 7 A activity 







[C50(/IM) 


Isoenzyme 


T-2585 


RP 73401 


PDE4* 


0-00013 


0-00031 


PDE7A 


1-7 


>10 



Recombinant human PDE7A was purified from pFLAG-PDE7A- 
transfected COS-7 cells and incubated in the presence of [ 3 H]-cAMP with 
or without various concentrations of T-2585 or RP 73401. The radioactiv- 
ity of hydrolysed [ J H]-cAMP was then measured. IQo values were deter- 
mined graphically from a concentration-inhibition curve. *Data are cited 
from our previous report [25]. 



Effects of PDE inhibitors on IL-5 production by PBMC 
The effects of T-2585 and RP 73401 on ^/-induced IL-5 produc- 
tion by PBMC were determined. PBMC were incubated with Df 
and the resulting supernatants were assayed for IL-5. IL-5 was 
produced spontaneously by PBMC of several individuals, while 
there was a significant increase in IL-5 production upon stimula- 
tion with Df and the antigen -specific IL-5 production reached 
a maximum on day 6 (Fig. la). The optimal concentration of 
antigen was 1-10/ig/ml in most subjects. Other cytokines, IL-2 
and IL-4, were hardly detected in the culture supernatants of 
PBMC incubated with or without antigen. T-2585 suppressed 
antigen-induced IL-5 production in a concentration-dependent 
manner (0-1-10//M) (Fig. lb). However, RP 73401 caused little 
inhibition of IL-5 production by PBMC even at 10/zm (22%). No 
concentrations of T-2585 or RP-73401 used in this study displayed 
cytotoxicity to PBMC (data not shown). We have previously 
demonstrated that IL-5 produced by PBMC is derived exclusively 
from CD4 + T cells [31]. suggesting mat T-2585 suppresses IL-5 
production by CD4* T ceils. 

Effects of PDE inhibitors on proliferation of PBMC 
The effects of T-2585 and RP 73401 on another antigen-specific 
response of PBMC, proliferation, were examined next. As an 
antigen-specific proliferative response of PBMC was detected on 
day 2 and reached a maximum on day 6, proliferation was 
assessed on day 6. The stimulation index was highest at an antigen 
concentration of 10//g/ml (21 ± 0-22, n = 6). As shown in Fig. 2, 
antigen-specific proliferation of PBMC was inhibited by T-2585 in 
a concentration-dependent manner. On the other hand, the 
maximum inhibition of PBMC proliferation obtained with 0-1- 
\0pM RP 73401 was only 20%. Almost 90% of the living cells 
present after 6 days of culture with Df antigen were determined 
to be CD4* T cells by flow cytometric analysis (data not shown), 
suggesting that T-2585 inhibited the proliferation of CD4 4 T cells. 

Effects of PDE inhibitors on cytokine mRNA expression 
in PBMC 

The dose of T-2585 most effective at inhibiting proliferation (fig. 
2) was similar to that capable of inhibiting IL-5 production (Eg. 
1), suggesting that the attenuation of IL-5 production by T-2585 
was caused at least in part by the reduction in PBMC numbers 
In order to evaluate whether T-2585 has a direct effect on 
cytokine synthesis, expression of cytokine mRNA in PBMC upon 
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Fig.1. Effects of T-2585 and RP 73401 on IL-5 pnxluction by human 
PBMC PBMC (2 x l(ffm\) were incubated with or without Df (lOpg/ml) 
for 6 days Various concentrations of T-2585 (•) or RP 73401 (□) were 
included throughout the culture period. The quantity of IL-5 in the culture 
supernatants was measured by ElA. Data from each individual subject (a) 
and the percentage inhibition of D/-induced IL-5 production by PBMC 
(b) are shown {n = 4-9). **P < 0 01 (paired /-test). tP < fr05, compared 
with control cultures (Bonferroni's method). ftP < 0-01. compared with 
RP 73401 (Student's f-test). 



stimulation with anti-CD3 MoAb was examined. The CD3 mole- 
cule is associated with the T cell receptor, and the stimulation 
signal induced by anti-CD3 MoAb passes through this receptor. 
Anti-CD3 MoAb was therefore used to mimic the stimulus 
produced by a specific antigen. No obvious expression of any 
cytokine mRNA was obtained in unstimulated PBMC Expres- 
sion of IL-5 mRNA was induced in PBMC upon anti-CD3 MoAb 
(lng/ml) stimulation, and expression reached a maximum at 6h 
(Fig. 3). Interestingly, mRNA for two other T cell cytokines, IL- 
2 and IL-4, was also expressed clearly upon anti-CD3 MoAb stim- 
ulation, even though neither cytokine was detected in the culture 
supernatant of PBMC stimulated with Df IL-2 and IL-4 are T cell 
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Fig. 2. Effects of T-2585 and RP 73401 on the proliferation of human 
PBMC PBMC (2 x Itf/ml) were incubated with Df (10 /ig/ml) in the pres- 
ence or absence of T-2585 (•) or RP 73401 (Q) for 6 days The prolifera- 
tion of PBMC was measured by a non-radioactive cell proliferation assay 
system. The percentage inhibition of 0/-induced proliferation of PBMC is 
shown (n = 4). *P < 0-05, compared with control cultures (Bonferroni's 
method). #P < 0-05, UP < 0 01, compared with RP 73401 (Student's /-test). 

and/or B cell growth factors [33,34], and receptors for these two 
cytokines are expressed abundantly on the cell surface of PBMC, 
suggesting that both cytokines produced by peripheral T cells are 
quickly trapped by these receptors. 

As shown in Fig. 3, 10jiM T-2585 significantly diminished IL- 
2, IL-4 and IL-5 mRNA expression in an ti-CD3 Mo Ab-stimulatcd 
PBMC Suppression of mRNA expression of these cytokines by 
T-2585 was obtained even at 1 jzm (data not shown). To confirm 
the specificity of the effect of T-2585, we next examined the pos- 
sibility that T-2585 affects cytokine mRNA expression initiated by 
phorbol-ester and calcium ionophore. mRNA expression of IL-2, 
IL-4 and IL-5 was significantly up-regulated by stimulation 
with phorbol 12-myristate 13 acetate (PMA) + ionomycin. T-2585 
(10 /iM) did not, however, affect this PMA + ionomycin-induced 
cytokine mRNA expression at all (Fig. 3). Neither anti-CD3 
MoAb- nor PMA + ionomycin-stimulated IL-2, IL-4 and IL-5 
mRNA expression was affected by 10pM RP 73401. 

These findings suggest that T-2585 inhibits T cell receptor- 
mediated production of not only IL-5, but also IL-2 and IL-4 in 
human peripheral T cells at a point in the upstream signalling 
pathway leading to the regulation of gene transcription. 

Effects ofPDE inhibitors on CD25 expression of PBMC 
We also examined the effects of T-2585 and RP 73401 on another 
T cell activation marker, CD25. CD25 is the IL-2 receptor o>chain 
and is expressed on the T cell surface membrane following cell 
activation. After PBMC had been stimulated with anti-CD3 
MoAb, CD25 expression was determined by Oow cytometry. 
CD25 was hardly expressed on the cell surface of unstimulated 
PBMC but its expression was clearly up-regulated by anti-CD3 
MoAb (1 ng/ral) stimulation, reaching a maximum after 3 days of 
stimulation (21 ± 81% of PBMC, n = 3; Fig, 4a). As 60-70% of 
the CD25* cells in PBMC were determined to be CD3\ (data not 
shown), the effect of the PDE inhibitors on CD25 expression was 
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Fig. 3. Effects of T-2585 and RP 73401 on cytokine mRNA expression in 
human PBMC PBMC (4 x 10*/ml) were incubated with anti-CD 3 antibody 
(1 ng/ml) or PMA (20 nM) + ionomycin (1 /A4) with or without T-2585 or 
RP 73401 for 6h. Total RNA was then extracted, reverse transcribed and 
amplified by PCR. Lanes 1 and 5: no stimulation; 2-4: anti-CD3 antibody 
stimulation; 6-& PMA + ionomycin stimulation; 3 and 7: + 10/iM T-25S5; 
4 and 8: + lOj/M RP 73401. This is one representative result from a total 
of three separate experiments 



determined after the T cells in PBMC were gated by counter- 
staining with a PE-labelled CD3 antibody. As shown in Fig. 4b, T- 
2585 suppressed anti-CD3 MoAb-induced CD25 expression on 
human T cells in a concentration-dependent manner (0-1-10 jiM). 
On the other hand, relatively weak inhibition of CD25 expression 
was obtained with RP 73401 (24-33%). 

DISCUSSION 

Our findings demonstrate that the PDE inhibitor, T-2585, acts on 
human peripheral T cells to suppress: IL-5 protein production; IL- 
2, IL-4 and IL-5 mRNA expression; ceil proliferation; and CD25 
expression in the dose range at which the drug inhibits PDE7A 
activity. However, another potent PDE inhibitor RP 73401, which 
docs not inhibit PDE7A activity effectively (IQo= > 10/iM), sup- 
pressed only those T cell responses weakly at 10/iM. Since the TC» 
of RP73401 for PDE4 suppression is 0-00031 /iM t this suggests that 
PDE7, but not PDE4, plays a substantial role in regulating human 
Tcell function. 

cAMP-elevating agents affect T cell function [1,4,35.36] and 
the inhibition of human cytokine production by such agents has 
been documented [5,6,20]. Prostaglandin E2, forskolin and a 
cAMP-analogue, dibutyryl cAMP. have been shown to suppress 
IL-2, IL-4 and IL-5 production by T cell receptor-stimulated 
PBMC from atopic asthmatics [20]. The suppression of both 
CD25 expression and proliferation of human T cells by 
prostaglandin E2 and other cAMP-affecting agents has also been 
reported [7,35,37,38]. In addition, several selective and nonselec- 
• tive PDE inhibitors suppress human T cell responses such as pro- 
liferation, mRNA expression and protein synthesis of cytokines 
[14,16-23]. We have reported previously that a PDE inhibitor that 
is structurally related to T-2585 inhibited cAMP-PDE activity in 
human PBMC and subsequently increased the level of intracellu- 
lar cAMP [20]. Several groups have reported that cAMP sup- 
presses Ca 2 * release from intracellular stores [39,40]. Such 
suppression is mediated by the cAMP-nctivated protein kinase 
PICA acting on the signalling pathway downstream of the T cell 
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Rg. 4. Effects of T-2585 and RP 73401 on CD25 expression of human T 
celts. PBMC (2 x 10*/ml) were incubated with anti-CD3 MoAb (1 ng/ml) 
with or without T-2585 (•) or RP 73401 (□) for 3 days. CD25 expression 
on PBMC was analysed by flow cytometry, (a) The histograms of PBMC 
correspond to representative experiments with (solid line) or without 
(bold line) stimulation. The dotted line indicates baseline fluorescence 
obtained with FTTC-labelled control antibody, (b) Percentage inhibition 
of ami -CD 3 MoAb-induced CD25 expression on CD 3' cells is shown (n = 
3). *P < 0O5, compared with control cultures (Bonferroni's method). 9P 
< 0-05, compared with RP 73401 (paired Mest). 



receptor [40,41]. We demonstrated recently that prostaglandin E 2 
suppresses both intracellular Ca 1 * elevation and IL-5 production 
of human T cells stimulated by anti-CD3 MoAb [42]. This sug- 
gests that the suppression of T ceil function by cAMP is caused, 
at least in part, by down-modulation of intracellular Ca 2 * influx. 
This is consistent with the result that cytokine mRNA expression 
in PBMC induced by anti-CD3 MoAb, but not PMA + ionomycin, 
is suppressed by T-2585. Taken together, it is reasonable to 
propose that the inhibition of PDE7 activity by T-2585 results in 
the suppression of T cell function as a consequence of the increase 
in the level of intracellular cAMP. ' 
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Recently, Li et al reported that PDE7 is induced in T cells 
upon stimulation with anti-CD3 and anti-CD28 antibody [43]. 
The significance of PDE7 for T cell function was implicated by 
the fact that a selective reduction in PDE7 expression by anti- 
sense oligonucleotide inhibits T cell proliferation. Our present 
findings support these findings and further demonstrate that 
PDE7 may modulate those T cell functions induced by stimula- 
tion with a specific antigen. 

In apparent contradiction to our present findings, a number 
of earlier studies have demonstrated that PDE4 plays a role in 
the regulation of multiple T cell functions by using the selective 
PDE4 inhibitor, rolipram, which does not inhibit PDE7 activity 
[13,14,16-19]. However, in some reports, the effective dose of 
rolipram required to inhibit T cell activation was higher than that 
required to suppress PDE4 activity [21-23]. Interestingly, in our 
experiments, RP 73401 displayed very little suppression (10-30%) 
of most of the T cell functions examined (Figs 1-4) in the dose 
range at which the drug inhibits the activity of PDE4, but not 
PDE7A, completely (01-1 /iM). Therefore, PDE4 may have a 
supplemental role in the regulation of the intracellular cAMP 
level in human T cells, and consequently in T cell function. It is 
possible that T-2585 inhibits the variety of T cell receptor initi- 
ated T cell functions via the combined effects on PDE4 and 
PDE7. 

From our findings, a possible contribution of PDE3 inhibition 
to T-2585-mediated suppression of T cell function has not been 
completely ruled out, since the inhibitory potency of T-2585 on 
PDE3 activity isolated from guinea pig heart was similar to that 
on PDE7A activity [25]. Nevertheless, previous reports from at 
least three separate groups demonstrating that PDE3 inhibitors 
failed to affect cytokine mRNA expression and proliferation of 
human PBMC [16-19,22,23] rule against a critical role for PDE3 
in T cell function. We also confirmed by preliminary experiments 
that IL-5 production was not inhibited by CI-930, a PDE3 
inhibitor, in our experimental system (data not shown). In order 
to elucidate additional details of the comparative roles of PDE7 
and other PDE isoenzymes in T cell function, it will be necessary 
to delineate the effects of currently existing PDE inhibitors on 
PDE7 activity in human T cells. Most importantly, the generation 
of a selective PDE7 inhibitor will be eagerly awaited. 

It is significant that T-2585 but not RP 73401 effectively sup- 
pressed IL-5 production by PBMC because accumulating evi- 
dence suggests that Tl^5 is the key cytokine involved in allergic 
diseases, such as asthma and atopic dermatitis, associated with 
eosinophilic inflammation. IL-5 is a lymphokine produced pri- 
marily by activated T cells and it enhances the proliferation, dif- 
ferentiation and survival of eosinophils [44,45]. Activated T cells 
expressing IL-5 mRNA were found in increased numbers in the 
bronchial mucosa of asthmatic patients [46] and the numbers 
were further increased upon antigen challenge [47], Adminis- 
tration of an anti-IL-5 neutralizing antibody abrogated allergic 
eosinophilic inflammation in experimental allergic models 
[48-50]. Our present findings suggest that selective inhibitors for 
PDE7, but not PDE4, are promising drugs for the management 
of chronic allergic disorders. Furthermore, PDE7 inhibitors able 
to down-regulate total T cell function have the potential for treat- 
ing a wide range of diseases associated with an abnormal T cell 
response. 

In conclusion, PDE7 has the potential to regulate human T 
cell functions including cytokine production, proliferation and 
expression of activation markers. This suggests the possible man- 
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agement of various immunological diseases by treatment with 
selective PDE7 inhibitors. 
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Phosphodiesterase profile of human B lymphocytes from normal 
and atopic donors and the effects of PDE inhibition on B cell 
proliferation 

'Florian Gantner, ^Christine Gotz, 2 Volker Gekeler, 'Christian Schudt, 3 Albrecht Wendel & 
M Armin Hatzelmann 

Byk Gulden, Departments of 'Biochemistry and Pharmacology, and 'University of Konstanz, Biochemical Pharmacology, Faculty 
of Biology, Konstanz, D-78467 Konstanz, Germany 

1 CD19* B lymphocytes were purified from the peripheral blood of normal and atopic subjects to 
analyse and compare the phosphodiesterase (PDE) activity profile, PDE raRNA expression and the 
importance of PDE activity for the regulation of B cell function. 

2 The majority of cyclic AMP hydrolyzing activity of human B cells was cytosolic PDE4, followed by 
cytosolic PDE7-like activity; marginal PDE3 activity was found only in the particulate B cell fraction. 
PDEl, PDE2 and PDE5 activities were not delected. 

3 By cDNA-PCR analysis mRNA of the PDE4 subtypes A, B (splice variant PDE4B2) and D were 
detected. In addition, a weak signal for PDE3A was found. 

4 No differences in PDE activities or mRNA expression of PDE subtypes were found in B cells from 
either normal or atopic subjects. 

5 Stimulation of B lymphocytes with the polyclonal stimulus lipopoJysaccharide (LPS) induced a 
proliferative response in a time- and concentration-dependent manner, which was increased in the 
presence of interleukin-4 (IL-4). PDE4 inhibitors (rolipram, piclamilast) led to an increase in the cellular 
cyclic AMP concentration and to an augmentation of proliferation, whereas a PDE3 inhibitor 
(motapizone) was ineffective, which is in accordance with the PDE profile found. The proliferation 
enhancing effect of the PDE4 inhibitors was partly mimicked by the cyclic AMP analogues dibutyryl 
(db) cyclic AMP and 5,6Klichloix>-l^-i>ribomranosylbenzimio^le-3\5'K:yclic monophosphorothioate, 
Sp-isomer (dcl-cBIMPS), respectively. However, at concentrations exceeding 100 pM db-cyclic AMP 
suppressed B lymphocyte proliferation, probably as a result of cytotoxicity. Prostaglandin E, (PGEj, 
I /im) and forskolin (10 /xM) did not affect B cell proliferation, even when given in combination with 
rolipram. 

6 Inhibition of protein kinase A (PICA) by differentially acting selective inhibitors (KT 5720, Rp-8-Br- 
cyclic AMPS) decreased the proliferative response of control cells and reversed the proliferation 
enhancing effects of rolipram. 

7 Importantly, PDE4 activity in LPS/lL-4-activated B lymphocytes decreased by about 50% compared 
to unstimulated control values. 

8 We conclude that an increase in cyclic AMP, mediated by down-regulation of PDE4 activity, is 
involved in the stimulation of B cell proliferation in response to LPS/IL-4. B cell proliferation in 
response to a mitogenic stimulus can be further enhanced by pharmacological elevation of cyclic AMP. 

Keywords: CD19 + B cells; atopic dermatitis; PDE4 subtypes; rolipram; cyclic AMP; PDE isoenzymes; protein kinase A; PKA 
inhibitors 



Introduction 

Among the large variety of cellular responses that are 
orchestrated by the adenosine 3':5'-cyclic monophosphate 
(cyclic AMP)/protcin kinase A (PKA) pathway, the anti- 
inflammatory properties of this second messenger system have 
attracted particular interest during recent years. Cyclic AMP is 
synthesized through the action of adenylyl cyclase and its sole 
route of degradation is by the action of cyclic AMP 
phosphodiesterases (PDE), a multigene family (for recent 
reviews see Beavo et al., 1994; Bolgcr, 1994; Beavo, 1995; 
Loughney & Ferguson, 1996). In inflammatory cells, members 
of the low K a cyclic AMP-specihe PDE4 are the predominant 
isoenzymes in terms of expression and distribution. PDE4 is 
believed to play an important immunoregulatory role, since 
many inflammatory reactions are suppressed by PDE4- 
selective inhibitors such as rolipram, which is in accordance 
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with the long-known anti-inflammatory properties of cyclic 
AMP elevating agents and cyclic AMP itself. In monocytes, 
the production of proinflammatory mediators is drastically 
decreased (Semmler et at., 1993; Prabhakar et at., 1994; Seldon 
et al, 1995). Similarly, various functions of other leucocytes 
including eosinophils (Dent et at, 1994; Hatzelmann et al., 
1995; Souness et al, 1995; Tenor et al, 1996), neutrophils 
(Wright et al., 1990; Schudt et al., 1991; Fonteh et al, 1993), 
macrophages (Schade & Schudt, 1993; Fischer et al., 1993; 
Gantner et al., 1997a), basophils (Peachell et a!., 1992), mast 
cells (Torphy et al, 1992) and T lymphocytes (Robicsek et al., 
1991; Essayan et al., 1994; Crocker et al., 1996; Gantner et al, 
1995; Giembycz et al;, 1996) are strongly impaired. B cells as 
well as eosinophils even undergo apoptosis following cyclic 
AMPelevation/PDE inhibition (Lorao et al, 1995; Hallsworth 
et al., 1996). 

In view of these anti-inflammatory properties of cyclic 
AMP, it is not surprising that there is considerable interest in 
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the development of PDE4 inhibitors for the treatment of 
chronic inflammatory diseases such as asthma and atopic 
dermatitis, where all of the inflammatory cell populations 
mentioned above play a critical role. Moreover, it has been 
found that in leucocytes of atopic patients a higher PDE4 
activity exists (Grewe et al. t 1982; Chan et al., 1993) and that 
peripheral blood mononuclear cells (PBMC) from such 
patients are more sensitive to PDE inhibitors (Chan & Hanifin, 
1993; Banner et at t 1995). This provides a further rationale for 
the development of PDE inhibitors as antiinflammatory 
drugs. 

However, many studies on PDE isoenzyme distribution and 
functional consequences of PDE inhibition in leucocytes have 
been performed in mixed cell populations such as PBMC. This 
prompted us to analyse individually, and to characterize 
functionally highly purified populations of human freshly 
isolated inflammatory cells relevant in asthmatic and atopic 
disorders. Analysis of monocytes and macrophages, neutro- 
phils, eosinophils and CD4* as well as CD8* T lymphocytes 
confirmed the prominent role of PDE4 isozymes for the 
regulation of inflammatory responses in these cells (for reviews 
see Tenor & Schudt, 1996; Dent & Giembycz, 1996). 

In B cells, both stimulating and inhibitory effects have been 
attributed to cyclic AMP elevation (Holte et aL t 1988; Roper & 
Phipps, 1992; Garrone & Banchereau, 1993; Coqueret et al f 
1996). Whereas ^-adrenoceptor agonists, adenylyl cyclase 
activators, prostaglandin E2 (PGE 2 ) and cyclic AMP analogues 
have been studied with regard to B cell proliferation and 
function, the effects of PDE isoenzyme-selective inhibitors 
have not yet been determined. For human CD 19" B 
lymphocytes, details of the PDE isoenzyme profile and the 
functional consequences of PDE inhibition are not known. 
Thus, in the present study we used highly purified B 
lymphocytes from both healthy donors and atopic patients 
and compared their PDE mRNA expression and activity 
profile under control and stimulated conditions. Furthermore, 
the influence of selective PDE inhibitors on polyclonal B cell 
proliferation was studied. 

Methods 

Subjects 

Normal healthy donors who had no history of asthma, allergic 
rhinitis or atopic dermatitis were selected for this study. 
Additionally, the blood of a separate group of patients 
suffering from atopic dermatitis was used. The patients were 
off medication (corticosteroids) for at least 3 weeks before the 
investigation. This study was approved by the local ethics 
committee and carried out according to national guidelines. 

Cell preparation 

For each experiment 250 ml of peripheral venous blood was 
drawn from a single volunteer. Citrate (0.31 %) was used as an 
anti-coagulant. The blood was diluted 1.6 fold with PBS (pH 
7.4) before ccntrifugation at 220 x g at 20°C for 20 min. The 
cell pellet was layered on a Percoll gradient (p 1.077 g ml" 1 ) 
and the interphase containing the peripheral blood mono- 
nuclear cells (PBMC) was obtained following ccntrifugation at 
800 xg. Cells were washed twice in elutriation medium (PBS, 
2% heat-inactivated human AB serum, 2 dim EDTA, 5 mM 
glucose, pH 7.4) before countercurrent centrifugal elutriation 
of the cells with a J2-MC centrifuge equipped with a JE-6B 
rotor (Beckman, U.S.A.). The lymphocyte containing fraction 



(platelet-free, > 95% purity) was obtained at a flow rate of 
29 ml min" 1 and a rotor speed of 3000 r.p.m. Pure B 
lymphocytes were obtained by positive selection using 
magnetic-beads-conjugated anti-CD 19 Ab and detaching Ab 
according to the manufacturer's protocol (Dynal, Oslo, 
Norway). B cell purity (CDI9 + cells) was checked by flow 
cytometry (Coulter, Hamburg, Germany) and was always 
>99%. No CD3* T cells or CD 14* monocytes were 
detectable which is in accordance to the unresponsiveness of 
these cells towards the T cell mitogen, phytohaemagglutinin 
(PHA, data not shown). 

Preparation of subcellular B lymphocyte fractions 

Freshly prepared CD19* B cells were resuspended at 10 7 cells 
ml"' in homogenization buffer (10 mM HEPES, pH 8.2, 1 mM 
/J-mercaptoethanol, 1 mM MgCl 2 , 1 mM EGTA, 137 mM 
Nad, 2.7 mM KC1, 1.5 mM KH 2 PO«, 8.1 mM Na 2 HPO«, 5 /iM 
pepstatin A, 10 um leupeptin, 50 /im PMSF, 10 /iM soybean 
trypsin inhibitor and 2 mM benzamidine) and disrupted by 
sonication (Branson 250 sonifier, output control 10%, duty 
cycle 1). The complete disruption of the cells (>98%) was 
checked via trypan blue exclusion or, alternatively, via lactate 
dehydrogenase (LDH) release. The homogenatc was spun at 
1000 x^ for 5 min to remove viable cells (1-2%) and nuclei. 
The samples were then centrifuged at 100,000 x g for 60 min at 
4°C. The supernatant was decanted and the pellet was 
resuspended in the corresponding volume of homogenization 
buffer. These two fractions (further referred to as the soluble 
and particulate fraction, respectively) were stored at -80°C 
until further use. 

PDE activity assay 

PDE activity was determined as described by Thompson et al 
(1979) with some modifications (Bauer & Schwabe, 1980). In 
brief, the enzyme containing fractions were assayed in a final 
volume of 200 pi containing 60 mM Tris HC1, pH 7.4, 5 mM 
MgCI 2 , 0.5 /iM cyclic AMP or cyclic GMP (28 000 cp.m. [ 3 H]- 
cyclic AMP or ['Hl-cyclic GMP) and were incubated in the 
presence or absence of activators or inhibitors for 30 min at 
37°C The reaction was terminated by the addition of 50 //I 
0.2 N HC1 and the assay mixture was left on ice for a further 
15 min. Crotahs atrox snake venom (0.5 mg ml" 1 ) was added 
for 1 5 min at 37°C and the assay mixture was then loaded onto 
QAE-Sephadex A-25 columns (1 ml bed volume) and eluted 
with 2 ml ammonium formiate (30 mM, pH 6.0). The 
radioactivity in the eluate was counted in a liquid scintillation 
counter (Beckman). PDE isoenzyme activity calculations in the 
soluble as well as in the particulate B cell fractions were 
performed, making use of activators and the PDE isoenzyme- 
selective inhibitors motapizone (PDE3), rolipram (PDE4) and 
zaprinast (PDE5), as described by Tenor et al. (1995a). PDE7 
activity was defined as the residual cyclic AMP hydrolyzing 
activity in the presence of motapizone (1 /iM) and rolipram 
(10 mm), respectively. 

PDE expression analysis by cDNA-PCR 

Preparation of RNA, conditions for cDNA-PCR with the 
thermocycler 60/2 from Bio-med (Theres, Germany), and 
separation of PCR products by polyacrylamide gel electro- 
phoresis were performed as described in previous studies 
(Wilisch et al., 1993; Beck et a/., 1995). The buffer for PCR 
provided by the supplier (Amersham) was applied as 
recommended. After the staining of die gels with ethidium 
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bromide, the signals were digitized by the CS-l videoimager 
(Cybertech, Berlin, Germany). Signal intensities calculated 
with the WINCAM densitometric software (Cybertech) 
assigned to the various genes of interest were referred to those 
corresponding to the /^-microglobulin {film) gene obtained by 
a simultaneously performed PCR with an aliquot of the same 
cDNA. 

The following amplimers for detecting PDE mRNA 
expression were used: PDE3A (sense: CAACTCCTAT- 
GATT-CAGCA, position 3061 to 3079; antisense: CTGG- 
TCTGGCTTTTGGGTT, position 3427 to 3445; genebank 
accession# M91667); PDE3B (sense: TCTATATCTT- 
TCTCGCCCAG, position 2580 to 2598; antisense: 
CTTCTI C ATCTCCCTGCTC, position 2881 to 2899, gene- 
bank accession^ U38178); PDE4A (sense: TCAGAGCTGGC- 
GCTTATGTAC (adopted from Engels et al., 1994, primer 
PE21), position 1582 to 1602; antisense: CCGTATGCTTGT- 
CACA CAT (adopted from Engels et a/., 1994, primer PE32), 
position 2002 to 2020; genebank accession^ L20965); PDE4B2 
(sense: TGCTATGGACAGCCTGCAG; position 341 to 359; 
antisense: TGTGAGAATATCCAGCC (adopted from Ober- 
nolte et al. t 1993), position 830 to 846, genebank accession^ 
M97515), PDE4C (sense: ATGAGGAGGAAGAAGAGGA- 
GGGG; position 2117 to 2139; antisense: AGTCCTC- 
TGGTTGTCGAGG; position 2229 to 2247, genebank 
accession# Z46632); PDE4D (sense: GCAAGATCGAGCA- 
CCTAGCA; position 461 to 480; antisense: ACCAGACAA- 
CTCTGCTATTC; position 952 to 971, genebank accession# 
L20970, according to Engels et al., 1994); PDE7 (sense: GTC- 
TAGTAAGCTTAA; position 557 to 571; antisense: GGCTT- 
ATTCTCACATCTG; position 939 to 956, genebank acces- 
sion# L12052, according to Michacli et al., 1993). 

With the exception of the PDE4B primer, which detects the 
short form PDE4B2 variant only, the PDE primers we used 
were generic, i.e. they amplify all splice variants of a certain 
gene. The amplimers for the film gene were adopted from a 
previous study (Wilisch et al., 1993). To determine the 
appropriate number of cycles for a semiquantitative estimation 
of the PCR products, the exponential range (number of PCR 
cycles versus signal intensity) of polymerase chain reaction 
under the chosen conditions was determined for each pair of 
amplimers. Accordingly, for the scmiquantitivc cDNA-PCR 
analysis the following number of cycles were used: 26 cycles 
(PDE3A), 28 cycles (PDE3B), 30 cycles (PDE4A), 28 cycles 
(PDE4B2), 28 cycles (PDE4Q, 28 cycles (PDE4D), 28 cycles 
(PDE7), 19 cycles (02m). The amplimers used for analysis of 
PDE4A expression also detect the PDE4C gene, which can be 
differentiated with restriction enzyme digest analysis according 
to Engels et al. (1994). 

Cyclic AMP measurements 

Intracellular cyclic AMP content was determined by an enzyme 
immunoassay (Biotrak EIA) according to the non-acetylation 
assay instructions provided by the supplier (Amersham Life 
Sciences, Braunschweig, Germany) with the modification of 
adding the unselectivc PDE inhibitor isobutyl methyl xanthine 
(IBMX; 0.5 dim) to the extraction buffer to ensure inhibition of 
cyclic nucleotide breakdown by PDE activity. 

B cell proliferation 

B cells (2 x 10 s per well containing 200 /*! RPMI 1640 medium) 
were seeded in 96-well flat bottom plates in the presence of test 
compounds or the corresponding volume of vehicle (dimethyl- 
sulphoxide; DMSO, 0.1% final concentration). Thirty minutes 



later, cells were stimulated by the indicated concentrations of 
lipopolysaccharide (LPS) and interleukin-4 (IL-4) for 5 days. 
Proliferation was evaluated by standard liquid scintillation 
counting based on [ 3 H]-thymidine uptake which was present 
for the last 24 h of culture (0.2 /iCi/well). 

Cell culture media and reagents 

RPMI 1640 medium (Biochrom, Berlin, Germany) containing 
10% foetal calf serum (FCS), penicillin (SO hi ml' 1 ) and 
streptomycin (50 u% ml" ') was used for all cultures. Purified 
rAuIL-4 was purchased from ICC Chemicals (Ismaning, 
Germany). Motapizone was kindly provided by Nattermann 
(Kdln, Germany), and rolipram was obtained from Schering 
(Berlin, Germany). Rp-8-Br-cyclic AMPs and 5,6-dichloro-l- 
^-D-ribofuranosylbenzimidazole-3':5'-cyclic monophosphoro* 
thioate (dcl-cBIMPS) were from Biolog (Bremen, Germany), 
and KT 5720 was from Biomol (Hamburg, Germany). 
Lipopolysaccharide (LPS; S. abortus equi) and all reagents 
not further specified were purchased from Sigma (Deisenhofen, 
Germany). 

Statistics 

Unless otherwise stated, data are expressed as means ±s.d. of 
results carried out in at least three independent experiments 
with blood from different donors. Statistical significances were 
determined with unpaired Student's t test if applicable or 
according to Welch's approximate t solution if variances were 
nonhomogeneous by use of commercially available statistical 
programmes (GraphPad Software, San Diego, CA). 7»<0.O5 
was considered as statistically significant. 

Results 

PDE activity of resting human CD19* B lymphocytes 
from normal and atopic donors 

An increased cyclic AMP hydrolyzing activity in leucocytes of 
atopic patients has been found previously (reviewed in Hanifin 
& Chan, 1995). However, in pure human B cells the PDE 
profile has not been analysed previously. This prompted us to 
determine PDE activity and PDE mRNA expression of B 
lymphocytes prepared from peripheral blood of normal and 
atopic individuals. Most of the cyclic AMP hydrolyzing 
activity of the soluble (cytosolic) fraction was inhibited by 
rolipram (10 jim) and therefore represents PDE4 activity. In 
addition, substantial PDE7 activity (residual activity in the 
presence of a PDE4 and a PDE3 inhibitor) was found, which 
was more prominent in the soluble compared to the particulate 
fraction. Overall, only marginal activity of PDE3 (motapizone- 
sensitive) was found, which was predominantly membrane* 
bound. Neither PDE1, PDE2 nor PDE5 activity were 
detectable in purified human B cells. The PDE activity profile 
was identical between normal (Figure la) and atopic 
individuals (Figure lb). 

To characterize PDE isoenzyme and subtype mRNA 
expression, we prepared mRNA from both normal and atopic 
B cells for cDNA-PCR analysis. As expected from the PDE 
activity profile, mRNA transcripts for PDE3, PDE4 and PDE7 
were found (Figure 2). Among the known PDE3 subtypes, a 
weak PDE3A mRNA signal was noted, but no PDE3B mRNA 
was detectable. PDE4A, 4B2 and 4D mRNAs were present, 
but PDE4C was lacking in B cells. A very high mRNA signal 
was obtained for PDE7. 
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Again, no significant differences in PDE mRNA expression 
between B cells from healthy and atopic donors were noted 
(Figure 2). Since ihe PDE profile of B cells from atopic and 
healthy donors turned out to be identical, the further studies 
were carried out with cells from healthy volunteers. 

Increased DNA synthesis following PDE4 inhibition in B 
cells stimulated by a combination of LPS and IL4 



influenced the effect of the PDE4 inhibitor (Figure 4). Thus, 
PDE3 inhibition does not play a significant functional role in B 
cell proliferation, which is in agreement with the marginal PDE3 
expression and activity present in these cells (see Figures 1 and 2). 

Since PDE inhibitors are assumed to act via elevation of 
cyclic AMP, we measured the intracellular concentration of this 
second messenger. Indeed, a three fold increase in the cyclic 



To investigate functional consequences of PDE inhibition in 
human B cells, we tested the influence of PDE inhibitors on B 
cell proliferation. Based on the PDE isoenzyme pattern 
described previously, we concentrated on PDE4 and PDE3 
selective compounds. Due to the lack of PDE7 selective 
inhibitors, the question of a possible regulatory role of this 
PDE family was not addressed. 

In the first set of experiments, B cell proliferation was 
induced over various time periods (between 2 and 9 days) by 
polyclonal stimulation with combinations of LPS (0.1- 
10 /ig ml" 1 ) and IL-4 (10-1000 u ml" 1 ). At day 5, stimulation 
with LPS (10 /zg ml" 1 ) plus IL-4 (100 u ral~ ') was optimal 
with regard to [ 3 H]-thymidine incorporation (Figure 3), and 
therefore was used for the following experiments. 

The prototype PDE4-selective inhibitor rolipram concentra- 
tion-dependently increased the proliferative response of IL-4/ 
LPS-stimulated CD19* B cells. A two fold higher thymidine 
incorporation rate was observed at concentrations > 1 /iM 
rolipram (Figure 4). Analogous results were obtained with 
piclamilast, another PDE4-selective compound (2I0±23% 
proliferation at 1 fiM, n = 4). In contrast, the PDE3 inhibitor 
motapizone neither modulated B cell proliferation nor 
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Figure 1 PDE activity profile of resting human B lymphocytes. PDE 
activities were determined in the soluble and particulate fraction of 
highly purified B cells isolated from normal (a) or atopic donors (b). 
Values were calculated on a per cell basis. Data representing PDE3 
PDE4 and PDE7 are expressed as mean±s.<L from 5 independent 
preparations. No PDEI. PDE2 or PDE5 was detected. 
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Figure 2 Relative PDE3, PDE4 and PDE7 subtype mRNA 
expression analysis by cDNA-PCR of resting human B cells from 
(a) normal or (b) atopic donors. Data are expressed as mean 
values ±s.d. from 5-6 independent preparations. 
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Figure 3 Polyclonal human B cell proliferation in response to LPS 
plus IL-4. B cells (2 x 10 5 ) were incubated in 200 ;d culture medium 
with LPS in the absence or presence of various concentrations of 
IL-4. Four days later, ( > H>>thymidine was added (0.2 pG per well) 
for' another 24 h. Cells were then harvested and proliferation was 
determined by ( 3 HJ- thymidine incorporation. Data represent mean 
values ±$.d. of 4 independent experiments. 
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AMP levels was found 1 h after stimulation of the cells in the 
presence of rolipram compared to unstimulated controls or 
LPS/IL-4-treated cells (Table I). We do not know whether, and, 
if so, to what extent and at what time point any significant 
changes in the cyclic AMP concentration were induced 
following LPS/IL-4 stimulation. Due to cell number limitations, 
the low cyclic AMP content of B cells, and the long experimental 
procedure we did not further expand these experiments. 

We also examined the effect of the cell-permeable cyclic 
AMP analogues dibutyryl cyclic AMP (db-cyclic AMP) and 
dcl-cBIMPS on B cell proliferation. A bell-shaped concentra- 
tion-response curve was obtained for db-cyclic AMP. At 
concentrations up to 100 /jm both compounds mimicked the 
effect of the PDE4 inhibitors and increased IL-4/LPS-induced 
DNA synthesis rate by about 30% compared to control cells 
(Figure 4). However, at concentrations > 300 pM, db-cyclic 
AMP strongly suppressed the proliferation of CD 19* B cells 
(50-60% reduction, not shown) indicating that at least two 
cyclic AMP-dependent pathways might be involved in the 
regulation of DNA synthesis of human B cells. Trypan blue 
exclusion studies revealed evidence for the induction of 
cytotoxicity in the presence of 1 dim cyclic AMP after 5 days 
of LPS/IL-4 stimulation (68 ±7% viable cells in the presence, 
83 ±5% viable cells in the absence of db-cyclic AMP; n = 5, 



P<0.05), providing an explanation for the proliferation 
suppressing effects of high db-cyclic AMP concentrations. 

In contrast to db-cyclic AMP and dcl-cBIMPS, both 
forskolin (0.01- 10 /im), an adenylyl cyclase activator, and 
PGEa (0.001 - 1 fiM) lacked efficacy (Figure 4). Moreover, both 
compounds failed to alter the concentration-response curve of 
rolipram at 10 fiM (forskolin) or 1 (PGEj), respectively 
(data not shown). 

PKA activity is necessary for B cell proliferation 

The influence of PKA inhibitors on LPS/IL-4-induced B 
lymphocyte proliferation jn the absence or presence of rolipram 
was investigated. Remarkably, a dramatic inhibition of the 
proliferative response was observed under both experimental 
conditions. The two differentially acting PKA inhibitors tested 
(KT 5720, Rp-8-Br-cyclic AMPS) suppressed B cell prolifera- 
tion in a concentration-dependent manner and reverted the 
proliferation-enhancing effect of rolipram (Figure 5). 

PDE4 activity is decreased in proliferating B cells 

Increased PDE4 activity, either due to induction of gene 
expression or posttranslational modification, has been 



c 
o 

I 
I 



250 
200 
150 
100 H 



50 




■ Rolipram (R) 

♦ Motaptzone (M) 

• R 4 M (1 um) 
□ Forskolin 
tPGE 2 

O db-cyclic AMP 
tfdcl-cycllc BIMPS 



-9-8-7-6 -5 
Drug (log m) 



t 

-3 



Figure 4 Influence of cyclic AMP elevating drugs on human B ceD 
proliferation. B cells were plated on 96 well plates (5x 10 s cells in 
200 /il) and incubated with test compounds or the corresponding 
volume of DMSO (0.1% final concentration) for 30 min. Prolifera- 
tion was induced by LPS (10 ug ml -1 ) plus 1L-4 (100 u ml -1 ) and 
determined at day 5 as described in legend to Figure 3. Values were 
calculated in relation to the proliferation signal of control 
incubations run in parallel (7550 ±1480 c.p.m., set at 100%). Data 
are mean values from 6-14 independent experiments; vertical lines 
show sd. 'Indicates statistical significance with P<0.01 compared. to 
control. 



Table 1 Cyclic AMP elevation by rolipram following 
myogenic stimulation of human B lymphocytes 



Treatment 

None 
LPS/IL-4 

LPS/IL-4 + rolipram 



Cyclic AMP 
(fmol/10 6 ceils) 

1086±612 
1037±290 
3287+339* 



CD 1 9* B cells were incubated for 1 h at 37°C in the presence 
of LPS (10^ml- ! )/IL-4 (100 umT 1 ), LPS/IL-4 + roli- 
pram (10 pM) or medium alone. Cells were washed twice, 
disrupted and cyclic AMP was extracted as described in the 
Methods section. Samples were stored at -20°C until cyclic 
AMP determination by EI A Mean values ±s.d. from 4-5 
independent experiments are given. */><0.05 versus other 
groups. 
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Figure 5 Influence of PKA inhibitors on human B cell proliferation. 
B cells were plated on 96 well plates (5 x 10 s cells in 200 /J) and 
incubated with PKA inhibitors (a) KT 5720 or (b) 8-Br-Rp-cyclic 
AMPs or the corresponding volume of DMSO (0.1% final 
concentration) for 30 min. Proliferation was induced by LPS 
(10 pg ml" 1 ) plus IL-4 (100 u ml' 1 ) and determined at day 5 as 
described in legend to Figure 3. Values were calculated in relation to 
the proliferation signal of control incubations run in parallel 
(6850+1210 cp.m., set at 100%). Data are mean values±s.d. from 
4 (8-Br-Rp-cyciic AMPS) or 5 (KT 5720) independent experiments. 
•Indicates statistical significance with F<0.01 compared to the 
respective values in the absence of the PKA inhibitor. 
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Figure 6 Decreased PDE4 activity in proliferating human B 
lymphocytes. B cells were either incubated with LPS (10 ug ml" ! ) 
plus IL-4 (100 u ml" 1 ) or the same volume of medium as control. 
Five days later, cells were harvested and PDE4 activity was 
determined in the cytosolic fraction. Data are mean values ±s.d; 
n° number of individual determinations. 'Indicates statistical 
significance with P<0.01 compared to control. 



repeatedly described in activated leucocytes (reviewed in 
Beavo, 1995). Thus, we wondered whether PDE4 activity 
would change upon induction of proliferation in human B 
lymphocytes. Five days following stimulation of CD19* cells 
by LPS (10 /ig ml* 1 ) and IL-4 (100 u ml- 1 ), PDE4 activity 
was significantly decreased compared to unstimulated control 
cells kept in culture for the same time (Figure 6). Messenger 
RNA analyses of two independent B cell samples revealed 
evidence for a 60% . downregulation of the main PDE4 
subtype, i.e. PDE4B2, in proliferating B cells at day 5, 
suggesting that the reduced PDE4 activity is due to a reduced 
expression of the corresponding gcne(s). . 



Discussion 

The present study was conducted to identify the PDE enzymes 
that are involved in the regulation of cyclic AMP levels in 
human B cells. This was of particular interest, since avariety of 
B cell responses are modulated by cyclic AMP (Holte et a/., 
1988) and both stimulating and inhibiting effects (Simkin et al. t 
1987; Anastassiou et at., 1990; Roper & Phipps, 1992; Garrone 
& Banchereau, 1993; Coqueret et al., 1996) on activation 
parameters of B lymphocytes have been attributed to the cyclic 
AMP/PKA signalling cascade. 

The isolation method we used provided B cells of high purity 
without contamination by platelets or other blood cells. Similar 
to other leucocyte populations from peripheral human blood 
(summarized in Tenor & Schudt, 1996), the vast majority of the 
cyclic AMP hydrolyzing PDE activity of B lymphocytes was 
identified as soluble PDE4, presumably composed of the 
subtypes PDE4A, B and D, respectively (see Figures 1 and 2) 
as indicated by the detection of the corresponding mRNA 
transcripts. In addition, a significant amount of PDE7 activity 
was measured. Only very weak PDE3 activity was found in B 
cells, which is surprising, since human T lymphocytes contain 
equally high activities of PDE4 and PDE3 (Tenor et aL. 1995b; 
Giembycz et al., 1996), both of which are functionally involved 
in the inhibitory effects of cyclic AMP in this cell type (Robiczek 
et al., 1991 ; Essayan et al., 1994; Banner et al., 1995; Giembycz 
et al., 1996). Thus, the human peripheral blood lymphocyte 
PDE profile differs substantially between the T and B lineage. 

A direct comparison of B celts from normal and atopic 
donors gave no evidence for an increased atopy-specific PDE4 



activity, which is in agreement with recent PDE measurements 
performed in a variety of human leucocyte populations 
(Gantner et al, 1997b). According to Hanifin and coworkers 
atopic monocytes, but not atopic lymphocytes, contain 
increased PDE4 activity (reviewed in Hanifin & Chan, 1995), 
which is in accordance with our present data. 

Our functional studies with PDE inhibitors on activated B 
ceDs reflect the PDE activity pattern present in these cells. 
Whereas PDE3 inhibition was completely ineffective in any 
experimental system tested, PDE4 inhibition markedly affected 
B lymphocyte proliferation (see Figure 4). It should be 
mentioned that similar results were obtained in experiments 
in which the influence of cyclic AMP elevating drugs on anti- 
CD40 Ab/IL-4-induced release of IL-6 from human B cells was 
investigated. PDE3 inhibition was ineffective whereas PDE4 
inhibition resulted in an increase of IL-6 release, although the 
effect was less pronounced compared to the stimulation of 
proliferation. Again, db-cyclic AMP mimicked the effect of 
PDE4 inhibitors up to 1 00 fiM, but neither PGE 2 nor forskolin 
significantly affected the release of IL-6 (data not shown). 

In addition to the enhancing effect of PDE4 inhibitors on B 
cell growth, proliferating B cells displayed significantly lower 
PDE4 activity compared to resting cells (see Figure 6), most 
probably due to downregulation of PDE4 gene expression. This 
observation supports the concept that an increased cyclic AMP 
level due to diminished PDE4 activity promotes B lymphocyte 
proliferation under our experimental conditions. Two lines of 
evidence support the hypothesis of cyclic AMP as a critical 
regulator of B cell growth: first, the increased proliferative 
response induced by rolipram is paralleled by a rise in cyclic 
AMP and, secondly, PKA inhibitors not only abolished the 
PDE4 inhibitor effects as expected, but also strongly inhibited 
LPS/IL-4-induced DNA synthesis of control cells (see Figure 
5). This suggests that a cyclic AMP signal is necessary to allow 
the initiation of DNA synthesis in human B lymphocytes. 

Intriguingly, the different PKA inhibitors tested behaved 
oppositely on control cells and on cells coincubated with 
rolipram. Whereas KT 5720 more potently affected the 
proliferation in the presence of rolipram, 8-Br-Rp-cyclic 
AMPS more potently abrogated DNA synthesis under control 
conditions (see Figure 5). These effects imply a different 
mechanistical mode of PICA inhibition by these two agents. 

PDE4 inhibitors are known to suppress a wide variety of 
inflammatory cell functions (reviewed in Dent & Giembycz, 
1996) among which the antiproliferative effects on T 
lymphocytes have been extensively studied. In this respect, it 
was interesting to find an enhancement of polyclonal B cell 
proliferation in the presence of PDE4 inhibitors under our 
experimental conditions, emphasizing basic differences in the 
PDE profile and in PDE function between B and T lymphocytes. 
In addition, it is important to point out that earlier studies 
provided conclusive evidence for growth inhibiting effects by 
cyclic AMP elevating drugs on B cells (reviewed in Sanders, 
1995). This suggests that a certain response triggered via the 
cyclic AMP/PKA pathway in B lymphocytes may be manifoldly 
influenced. These cyclic AMP signal modulators may include fi) 
the manner of stimulation, i.e. the nature of the B cell stimulus, 
pi) the signal intensity and the duration of the cyclic AMP 
increase, (iii) the time point of measurement of a certain 
response, and pv) the actual activation/differentiation status of 
the B cells under investigation. 

For instance, it has been shown that ^-adrenoceptor- 
mediated elevation of cyclic AMP inhibits the proliferation 
induced by LPS or antiimmunoglobulin antibodies. In 
contrast, activation of the same receptor enhances prolifera- 
tion of B cells exposed to PMA/ionomycin (reviewed in 
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Sanders, 1995). Similar effects have been described for cholera 
toxin (CT), which leads to a cyclic AMP increase via activation 
of adenylyl cyclase. Whereas CT stimulated anti-IgM- 
activated tonsil B cell proliferation, CT selectively inhibited 
IL-2- but not IL-4-induced DNA synthesis (Garrone & 
Banchcrcau, 1993). 

Our own data point to the importance of the cyclic AMP 
signal intensity in directing the fate of B cells, in accordance 
with experiments on human tonsillar B lymphocytes (Garrone 
& Bancherau, 1993), concentrations of db-cyclic AMP up to 
. 100/xm increased polyclonally-indueed DNA synthesis, 
whereas 1 dim of the same compound resulted in a strong 
inhibition of proliferation, presumably by the induction of 
cytotoxicity. The fact that mM concentrations of db-cyclic 
AMP have been shown to shorten the life span of human 
resting peripheral blood B cells in vitro by accelerating the 
onset of apoptosis (Lomo et al t 1995), reveals a mechanistic 
explanation for the latter observation and supports the concept 
of a bimodal cyclic AMP action on the control of B cell 
growth. 

Furthermore, the time point of measuring the proliferative 
response might be critical. Data illustrated in the paper by 
Garrone and Banchereau (1993) showed that the kinetics of 
IL-4-dependent proliferation were significantly modified by 
agents increasing cyclic AMP, since CT, PGE 2 and forskolin 
partially inhibited the early fH]- thymidine uptake induced by 
IL-4 within 48 h, but strongly stimulated it when monitored 
after 3 or more days of culture. Thus, our data obtained with 
the PDE4 inhibitors rolipram and piclamilast are in 
accordance with this finding, since we investigated the role of 
cyclic AMP in the regulation of B lymphocyte proliferation in 
a 5 day experiment using the same costimulus (IL-4). 

Finally, the effect of cyclic AMP on the regulation of 
proliferation may depend on the activation or differentiation 
level of B cells. For instance, cyclic AMP elevating agents were 
shown to increase synergistically DNA synthesis of B cells 
exposed to low-mito genie anti-IgM Ab preparations, but did not 
enhance proliferation of B cells that were costimulated or pre- 
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activated with mitogenic concentrations of the superantigen 
Staphylococcus aureus, strain cowan 1 (Anastassioue7a/., 1992). 

Intriguingly, PDB4 inhibitors were far more efficient than 
cyclic AMP analogues in enhancing B ceil growth, although no 
other mechanism apart from elevation of cyclic AMP through 
the inhibition of its breakdown is known for PDE4 inhibitors. 
A theoretical explanation would be specific subcellular 
compartmentalization of PDE4 and PDE4 inhibitors at sites 
where a local increase in cyclic AMP triggers a proliferation 
enhancing signal. Since the use of cyclic AMP analogues 
always results in a net effect integrated over the whole cell, the 
results might differ not only quantitatively, but also 
qualitatively from the ones obtained with PDE4 inhibitors. 

Surprisingly, we failed to find any effects of PGEj or 
forskolin on LPS/IL-4-induced proliferation, although other 
investigators have shown modulatory effects of both agents in 
human B cell systems (Garrone & Banchcrcau, 1993) and B 
cells, at least in the murine system (Fedyk et al, 1996), 
functionally coexpress a variety of prostaglandin receptors 
including the Gs-coupled EP 3 and EP 4 type. 

In summary, the present paper describes the detailed PDE 
activity and mRNA expression pattern of human peripheral 
blood B lymphocytes, which substantially differs from the PDE 
profile of T lymphocytes, and underlines the prominent role of 
the PDE4 family in leucocytes. The direct comparison of normal 
and atopic cells reveals no evidence for a PDE dysregulation in B 
lymphocytes due to the atopy status. Furthermore, our data 
indicate that cyclic AMP/PKA-dependent signalling pathways 
are involved in the proliferative response of human B 
lymphocytes following stimulation with LPS/IL-4. 
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Abstract 

PDE7A is a recently described 3',5'-cyclic adenosine monophosphate (cAMP)-specific phosphodiesterase (PDE) whose expression has 
been detected in T-cells. As treatment with the methylxanthine theophylline, a nonspecific PDE inhibitor, induces apoptosis in leukemic cells 
from patients with the B-lineagc malignancy chronic lymphocytic leukemia (CLL), we sought to determine if PDE7A was a target of 
theophylline therapy in such cells. Western analysis revealed expression of PDE7A in normal human splenic B-cells, primary CLL cells, and in 
a CLWerived cell line (WSU-CLL). Among the six cAMP PDEs (PDE IB, PDE3B, PDE4A, PDE4B, PDE4D, and PDE7) examined in WSU- 
CLL, only PDE7A levels were augmented by treatment with methylxanthines. The activity of PDE7A isolated from the WSU-CLL cell line by 
immunoprecipitation was inhibited by theophylline and IBMX with IC50 values of 343.5 and 8.6 uM, respectively. WSU-CLL PDE7A was also 
up-rcgulatcd by a novel specific inhibitor (IC242), which inhibits PDE7A from WSU-CLL cells with an IC50 value of 0.84 uM. IC242-mediated 
up-regulation of PDE7A was blocked by the protein kinase A (PICA) inhibitor H-89. © 2002 Elsevier Science Inc. All rights reserved. 

Keywords: PDE7; Cyclic nucleotide phosphodiesterases; Tneophyllme; CLL; cAMP 



1. Introduction 

Elevated intracellular levels of 3',5'-cyclic adenosine 
monophosphate (cAMP) can induce apoptosis in suscept- 
ible subpopulations of both B- and T-lineage lympho- 
cytes. This suggests that agents capable of modulating 
cAMP levels might be useful for the treatment of 
lymphoid malignancies [1]. One means of augmenting 
cAMP signaling has been through the use of cAMP 
phosphodiesterase (PDE) inhibitors, as inhibition of 
cAMP catabolism results in elevation of intracellular 
lymphoid cAMP levels in vivo [2]. Theophylline, a non- 
specific methylxanthine PDE inhibitor, has been shown to 
induce apoptosis in chronic lymphocytic leukemia (CLL) 
B-lymphocytes in vitro [3,4]. A subsequent Phase 2 
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clinical trial demonstrated that combined treatment with 
theophylline and chlorambucil induced positive responses 
in CLL patients who failed treatment with chlorambucil 
alone [5]. More recently, Makower et al. [6] have 
reported responses to theophylline monotherapy in three 
patients with advanced CLL. 

Theophylline is a nonselective PDE inhibitor as well as 
an adenosine receptor antagonist, complicating both the 
clinical and research applications of this reagent. A more 
selective PDE inhibitor might also induce apoptosis in 
lymphoid cells and have therapeutic value in the treatment 
of lymphoid malignancies. Lymphoid cells contain several 
classes of cyclic nucleotide PDEs, including cGMP-inhib- 
ited PDE3 [7] and cAMP-specific PDE4 [8]. Inhibition of 
PDE4 with rolipram, an inhibitor specific for this class- of 
enzymes, induces apoptosis of lymphocytes isolated from 
CLL patients [9]. Peripheral T-cells are resistant to roli- 
pram-induced apoptosis and the susceptibility of CLL cells 
and T-cells to PDE4 inhibitors correlated with their sens- 
itivity to apoptosis induced by the cell-permeable cAMP 
analog dibutyryl cAMP (dbcAMP) [9]. 
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Since the initiation of our work on PDEs and CLL, 
interest has grown in the potential role of a novel cAMP 
PDE, PDE7A, in lymphoid cyclic nucleotide metabolism. 
PDE7A was originally cloned by Michaeli et al. [10] as a 
result of its ability to complement the heat-shock-sensitive 
phenotype of a Saccharomyces cerevisiae strain in which 
two yeast cAMP PDE genes had been disrupted. There are 
two splice variants of the PDE7A gene, encoding enzymes 
with differing sequence and tissue distribution. PDE7A1, 
which contains a unique hydrophilic 45 residue NH 2 -ter- 
minus sequence, has been detected in lymphoid cells and 
migrates with an apparent MW of 55 kDa [11]. In contrast, 
PDE7A2, which contains a unique hydrophobic 20 residue 
N-terminus sequence, was cloned from skeletal muscle 
cDNA libraries and migrates with an apparent MW of 
50 kDa [12]. A second member of the PDE7 gene femily, 
PDE7B, was recently cloned [13-15]. Expression of 
PDE7B was detected in multiple tissues, but not in 
lymphoid cells. 

PDE7A1 has been detected in both primary T-cells and 
cell lines derived from T-cells [11,16]. PDE7A is reportedly 
up-regulated in T-cells upon costimulation with CD3 and 
CD28 and is required for T-cell proliferation [17]. The 
expression of PDE7A in B-lymphocytes is not as well 
documented. Gantner et al. [18] reported substantial PDE 
activity in primary human B-cells that were not inhibited by 
inhibitors specific for PDE1, PDE3, or PDE4. This residual 
cAMP-hydrolyzing activity was attributed to PDE7. Li et al. 
[17] examined the expression of PDE7A in two human B- 
cell lines, Jijoye and Ramos. While PDE7A transcript was 
detected in the B-cell lines, no PDE7A protein was detected 
in these cells by Western analysis. 

The goal of the current study was to determine whether 
PDE7A is expressed in CLL B-lymphocytes and to assess 
whether the activity of this enzyme can be inhibited by 
methylxanthines. In this report, we demonstrate that PDE7A 
is expressed in normal B-cells, primary CLL cells, and the 
CLL B-cell line WSU-CLL. Furthermore, we demonstrate 
that PDE7A protein expression is up-regulated in WSU- 
CLL cells in response to treatment with theophylline and 
IBMX, suggesting a feedback mechanism that enables 
additional control of cellular cAMP levels. Lastly, we 
demonstrate similar changes in PDE7 protein expression 
in response to treatment with a selective PDE7A inhibitor. 



2. Methods 

2.1. Reagents 

DPCPX and rolipram were from RBI (Natick, MA). 
Forskolin and IBMX were from Sigma (St. Louis, MO). 
Theophylline was obtained as a 3.2-mg/ml solution in 5% 
dextrose (Baxter Healthcare, Deerfield, IL). H-89 was from 
Calbiochem (San Diego, CA). Compounds IC242 and 
IC243 were obtained from ICOS, Bothell, WA. 



2.2. Cell purification and culture 

WSU-CLL cells were generously provided by Dr. R. 
Mohamed (Wayne State University). Primary leukemic cells 
were isolated from the peripheral blood of patients with 
acute T-cell leukemia (ATL) or CLL after obtaining IRB- 
approved informed consent The diagnosis of each patient's 
malignancy was confirmed by characteristic immunopheno- 
type. Primary splenic B-cells were isolated from the dis- 
carded splenic tissue of a patient who underwent 
splenectomy for idiopathic thrombocytopenic purpura. 
Primary peripheral blood T-cells were obtained from Leu- 
copaks. Normal or leukemic cells or WSU-CLL cells were 
grown in RPMI supplemented with 10% fetal bovine serum, 
2 mM/1 L-glutamine, 1% penicillin/streptomycin (Sigma), 
10 mM/1 Hepes, pH 7.4. 

2.3. Antibodies 

Monoclonal antibodies directed against PDE IB, PDE3B, 
PDE4A, PDE4B, and PDE7A were generated using fusion 
proteins derived from the glutathione ^-transferase (GST) 
expression system (Pharmacia). The PDE1B antibody 1 14D 
was generated from a GST fusion protein with cDNA 
corresponding to amino acids 457-536 of PDE1B [19]. 
The PDE3B antibody 28 1 K was generated from a GST fusion 
protein with cDNA corresponding to amino acids 520-879 
of PDE3B [20], The PDE4A antibody 66C12H was gener- 
ated from a GST fusion protein with cDNA corresponding to 
amino acids 718-886 of PDE4A3 [21]. The PDE7A1- 
specific antibodies 144N and 144R were generated from a 
GST fusion protein with cDNA corresponding to amino acids 
18-190 of PDE7A1 [10]. The GST fusion constructs 
described above were transformed into the Escherichia coli 
strain XL-1 Blue (Stratagene) and protein expression was 
induced with isopropyl-Z>-D-thiogalactoside (IPTG) as 
described by the manufacturer (Pharmacia). The expressed 
fusion proteins were isolated from bacterial inclusion bodies 
by sodium dodecyl sulfate-polyacrylamide gel electrophor- 
esis (SDS-PAGE) and electroelution. The PDE4B monoclo- 
nal antibody 96G7A was generated using full-length 
PDE4B2 expressed in and purified from K coli (Lothar Uher 
and Vmce Florio, unpublished data) [21]. A PDE7A pan- 
reactive antibody (1840) that detects both PDE7A1 and 
PDE7A2 was generated from gel-purified, full-length 
PDE7A1 expressed in E. coli. Monoclonal antibodies select- 
ive for the appropriate PDEs were generated in mice using 
standard procedures [22]. Each antibody was tested by 
Western analysis for its selective reactivity against the 
respective full-length recombinant PDE from which it was 
derived. Each antibody was also tested by Western analysis 
for its lack of reactivity with other PDE family members. 
Each of the monoclonal antibodies described (with the 
exception of 28 IK) was purified from mouse ascites by 
Protein-A chromatography. The source of the monoclonal 
antibody 28 IK was a hybridoma culture supernatant. The 



FLUeetal/ Cellular Signalling 14 (2002) 277-284 



279 



antibody against PDE4D (61D10E) has been previously 
described [23]. 

2.4. Protein extraction and Western blot analysis 

Cells were washed once with ice-cold PBS. After cent- 
rifiigation at 4000 rpm for 5 min (relative centrifugal force 
[RCF]= 1310), the cell pellet was lysed for 20 min in lysis 
buffer: 50 mM Tris pH 7.4; 1% NP-40; 125 mM NaCl; 2 ug/ 
ml aprotinin, leupeptin, and pepstatin; 1 mM PMSF; 1 mM 
NaF. The protein supernatant was collected after centrifu- 
gation at 14,000 rpm (RCF= 16,000) at 4 °C for 5 min. 
Protein concentration was measured with BCA reagents 
(Pierce, Rockford, IL). The proteins were separated on 
7.5% or 10% SDS-PAGE using 10-30 pg protein per lane 
and transferred to a nitrocellulose membrane (Schleicher & 
Schuell, Keene, NH). The membrane was blocked in 5% 
skim milk in PBS/0.05% Tween 20 (PBS/T) at room 
temperature for 1 h. Anti-PDE or antitubulin antibodies 
(1 ug/ml final) were added in blocking buffer and incubated 
at room temperature for 1 h with shaking. The membrane 
was washed four times each for 5 min with PBS/T. HRP- 
conjugated antimouse IgG (Santa Cruz Biotechnology, 
Santa Cruz, CA) was then added (1:1000 dilution), incu- 
bated, and washed in a manner identical to that described 
for the first antibody. Immunoreactive protein was then 
detected by the ECL technique according to the vendor's 
protocol (Pierce). 

2.5. RT-PCR and Northern analysis 

RNA was isolated from primary CLL or WSU-CLL cells 
using Ultraspec reagent (Biotecx, Houston, TX). cDNA was 
synthesized from 1 0 \ig of total RNA using oligo d(T) primers 
and Maloney murine leukemia virus reverse transcriptase in a 
final volume of 40 u.1 (Stratagene, La Jolla, CA). One micro- 
liter of the first strand cDNA product was then used as 
template for PCR amplification with Taq DNA polymerase 
(Gibco BRL, Frederick, MD) by denaturing the template for 
4 min at 94 °C, followed by 40 thermocycles of 94 °C for 
1 min, 60 °C for 1 min, and 72 °C for 2 min. For generation of 
a 403-bp probe homologous to sequence common to both 
PDE7A1 and PDE7A2, we used the following oligonucleo- 
tides: sense GGAAATAGTCTAGTAAGCTTAACC (first 
549 bp); antisense GGCAGATGTGAGAATAAGCCTG. 
The PCR product were subcloned into a plasmid vector 
(pCRII, Invitrogen, Carlsbad, CA) and subsequently utilized 
for PCR-based amplification of a 32 P dCTP-labeled probes 
for hybridization to Northern blots. 

2.6. cAMP assay . 

The cAMP assay was performed as previously described, 
with the exception that samples were processed using the 
acetylation protocol according to the manufacturer's recom- 
mendations (NEN, Boston, MA) [9]. 



2.7. PDE activity assays 

The inhibition of human PDE enzyme activity by IC242 
and IC243 was determined using a standard PDE assay as 
described below and recombinant protein expressed in 
yeast or baculovinis-ihfected Spodoptera jugiperda sf9 
cells. PDE1B, PDE2A, PDE4B, and PDE5 were expressed 
and purified from a S. cerevisiae strain lacking endogenous 
PDE activity. PDE8, 9, and 10 were also expressed in 
yeast and were used in the assay as total cell extracts. 
PDE7 was expressed in yeast and used in the assay as a 
soluble extract PDE1A and PDE1C were expressed and 
purified from baculovirus-infected sf9 cells. PDE3A was 
expressed in baculovirus-infected sf9 cells and used in the 
assay as a particulate membrane fraction. cAMP was used 
as the substrate for assays with PDE1C, PDE3A, PDE4B, 
PDE7A, PDE8, and PDE 10 while cGMP was used as the 
substrate for assays with PDE1A, PDE IB, PDE2A, 
PDE5A, and PDE9. 

PDE assays were performed using the Biomek 1000 
robotic workstation (Beckman Instruments). Assays were 
performed in PDE assay buffer (40 mM Tris-Cl, pH 8.0, 
luM ZnS0 4 , 5 mM MgCl 2 > 0.1 mg/ml bovine serum 
albumin (BSA), 0.4 ug/ml bovine calmodulin, and 0.2 mM 
CaCl 2 ), using either [ 32 P0 4 ]cAMP or [ 32 P0 4 ]cGMP [spe- 
cific activity of 25 Ci/mmol (ICN Biomedicals)] at a final 
concentration of 32 nM. At this substrate concentration, 
the observed IC 50 value closely approximates the inhibi- 
tion constant (K { ) for each enzyme. The inhibitors IC242 
and IC243 were tested over a concentration range of 
0.005-100 uM. The reaction was initiated by addition 
of PDE enzyme at a submaximal concentration previously 
determined to hydrolyze 20-50% of the cyclic nucleotide 
in the absence of inhibitor. The assay was run for 12 min 
at 30 °C followed by addition of Crotalus atrox snake 
venom (15 mg/ml in 0.01 M Tris-Cl, pH 8.0). The 
reaction was terminated by addition of activated charcoal 
(25 mg/ml in 0.1 M NaH 2 P0 4 ) to bind unincorporated 
phosphate. The supernatant was removed and hydrolysis 
quantitated by Cerenkov counting. Dose-response curves 
were fitted using a four-parameter logistic model 
described by the equation y^a+bllXMjdcf] where y is 
the total percent PDE activity, a is PDE activity at infinite 
inhibitor ( Y mix ^ 9 b is the net PDE activity at zero inhibitor 
(Jmax). c is the inhibitor concentration at 50% maximal 
activity (IC 50 ), x is the inhibitor concentration, and d is 
the slope of the curve at the IC 50 (Hill coefficient). 

2.8. Immunoprecipitation of PDE7 and PDE assay 

WSU-CLL cells were suspended (1 x 10 8 cells/1.25 ml) 
in BTP buffer (50 mM bis -tris propane, pH 7.2, 1 mM 
dithiothreitol [DTT], 5 mM EGTA, 1 mM EDTA, 0.5 mM 
AEBSF, and 5 jxg/ml each of pepstatin, leupeptin, aprotinin) 
and homogenized with 100 strokes using a tight dounce. 
The cell homogenate was centrifuged at 44,000 rpm for 1 h. 
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The supernatant fraction was used for immunoprecipitation. 
Pansorbin beads (Calbiochem) were loaded with rabbit 
antimouse antibody (Pierce) and washed once with PBS/ 
1% BSA. On the day of the experiment, the preloaded beads 
were incubated with the PDE7At-specif!c monoclonal anti- 
body 144R (30 ug/30 ui of slurry) at 4 °C for 1 h. The 
sample was spun at 2000 rpm for 5 min. The supernatant 
was saved for assay. The beads were washed twice in PBS/ 
1% BSA, resuspended in PBS/1% BSA, and used directly 
for PDE assays. PDE activity was measured as described 
above directly on the immunoprecipitated PDE7A-Pansor- 
bin beads in a buffer containing 45 mM Tris-Cl, pH 8.0, 
20 mM NaCl, 2 uM ZnS0 4 , 6 mM MgCl 2 , 0.12 mg/ml of 
BSA, and 0.02 mM DTT for 15 min at 30 °C [21]. The 
[ 32 P]cAMP substrate concentration was 0.16 uM. For the 
inhibitor IC 50 determinations, the inhibitors LBMX, theo- 
phylline, and IC242 were tested over a concentration range 
of 0.015-300 uM. Dose-response curves were fitted using 
the four-parameter logistic model as described above. 
Dose-response curves for theophylline were fitted using a 
three-parameter logistic model described by the equation 
y^al[\-Hxlbf] where .y is the total percent PDE activity, a is 
the net PDE activity at zero inhibitor (X mftx ), b is the 
inhibitor concentration at 50% maximal activity (IC 50 ), x 
is the inhibitor concentration, and c is the slope of the curve 
at the IC50 (Hill coefficient). In the three-parameter model, 
the percent inhibition at infinite inhibitor ( Y^) is fixed at 
zero. This was done because of the poor potency and 
solubility of theophylline and allows for a more accurate 
determination of the IC50. The r 2 correlation coefficient 
values for the IBMX, theophylline, and IC242 curves are 
.999, .999, and .999, respectively, as determined by Table- 
Curve 2D (SPSS, A1SN Software). 



3. Results 

We initially sought to determine whether PDE7A is 
expressed in human lymphoid cells from patients with 
CLL. Western analysis was used to assess the expression 
of PDE7A in isolated splenic B-cells, T-cells, and 
lymphoid cells from patients with either ATL or CLL 
(Fig, 1 A). PDE7A was readily detected in isolated primary 
splenic B-cells as well as primary peripheral blood T-cells 
isolated from healthy individuals. In addition, PDE7A was 
readily detected in lymphoid cells from a CLL patient. In 
contrast, a PDE7A immunoreacnve band was not detected 
in lymphoid cells from a patient with ATL. We men went 
on to characterize PDE7 expression in a B-cell line (WSU- 
CLL) derived from the peripheral blood of a patient with 
CLL [24]. For this experiment, WSU-CLL cells were 
treated for 8 h with IBMX (a nonselective PDE inhibitor), 
forskolin, dbcAMP, or the PDE4 inhibitor rolipram and 
then analyzed by Western analysis with a PDE7A-specific 
antibody (Fig. IB). PDE7A was detectable at low levels in 
untreated WSU-CLL but was significantly increased after 
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Fig. I. PDE7A expression in primary human lymphoid cells and the CLL 
cell line, WSU-CLL. Panel A: Whole cell lysates (30 \xg) from normal 
human splenic B -lymphocytes (BX peripheral blood T-cclb (T), ATL cells 
(ATL), and CLL cells (CLL) were analyzed by Western blot using a 
PDE7A1 -specific monoclonal antibody. Recombinant PDE7A1 was also 
run as a control (PD7). Panel B: A similar analysis was performed on whole 
cell tysatcs (10 jig) from the CLL cell line, WSU-CLL. WSU-CLL cells 
were exposed for 8 h to media (CT), 10 uM rolipram (R), 40 uM forskolin 
(FX 50 ug/mJ IBMX (IX both forskolin and IBMX (FI). or 100 dbcAMP 
(A). Equal loading was verified by blotting for tubulin, as shown in the 
panel below each immunoblot 

8 h of treatment with 50 p.g/ml ©MX. Forskolin and 
dbcAMP were also able to increase PDE7A expression 
relative to untreated cells. IBMX does not appear to be 
elevating PDE7 levels by nonselective inhibition of PDE4 
activity because incubation of WSU-CLL cells with the 
potent PDE4 inhibitor rolipram at 10 uM had no effect on 
PDE7 expression (Fig. IB, Lane R). Similar studies using 
the PDE3 inhibitor cilostamide (10 pM) also failed to up- 
regulate PDE7A levels (data not shown). 

Additional experiments were done to determine whether 
PDE inhibitors and cAMP elevating agents, alone or in 
combination, could alter the expression of other PDE iso- 
forras in the WSU-CLL cells (Fig. 2). Cells were treated for 
8 h as described above and then prepared for Western 
analysis. PDE1B was not detected in WSU-CLL under 
any of the test conditions. PDE3B was constitutively 
expressed in WSU-CLL and modestly up-regulated in 
response to forskolin and dbcAMP. IBMX in combination 
with forskolin did not further potentiate the level of PDE3B 
expression. PDE4A, B, and D were not detected in untreated 
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Fig. 2. Regulation of PDE7 expression in WSU-CLL. Thirty micrograms whole cell tysate protein was analyzed by Western blot analysis using monoclonal 
antibodies specific for PDE1B, PDE3B, PDE4, PDE4A, PDE4B, and PDE4D as indicated The PDE4 (96F26) antibody was "pac-rcactrve," i.e., raised 
against a peptide common to all known PDE4 gene family members. Treatment with media or drugs is as indicated in the legend for Fig. 1. Recombinant 
PDEs were run in the right-rjand lane of each Western as a positive control. Equal loading was verified by blotting for tubulin, as shown in the panel below 
each immtmoblot 



WSIK;LL cells. Treatment with forskolin and dbcAMP 
induced weak expression of a 74-kDa immunoreactive band 
detected by the PDE4 pan-reactive antibody (96F2G) and 
the PDE4D-specific antibody (61D10E). The combination 
of forskolin and LB MX further increased the expression of 
the 74-kDa band as well as a band of 80 kDa. EBMX alone 
had no effect on PDE4D expression. A band at 115 kDa 
detected with both the pan-reactive and the PDE4D-specific 
antibody was unaltered by the various treatments. 

The results described above suggest that PDE7A is up- 
regulated in response to EBMX in the absence of exogenous 
activation of adenylate cyclase. A dose titration was done to 
investigate the concentration of IBMX necessary to induce 
this up-regulation (Fig. 3A). A dose as tow as 20 ug/ml 
(90 uM) was able to significantly increase the expression of 
PDE7A after 8 h of treatment Increases in PDE7 activity 
were also noted in response to IBMX treatment For this 
experiment, PDE7Awas immunoprecipitated from treated or 
untreated WSU-CLL and associated cAMP-hydrolyzing 
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Fig. 3. Analysis of IBMX-mduced up-regulation of PDE7A. Panel A: 
WSU-CLL cells were exposed for 8 b to the indicated concentration of 
IBMX (ng/ml), then analyzed by Western blot using monoclonal antibodies 
specific for PDE7A. Recombinant PDE7A was included as a positive 
control. Panel B: WSU-CLL cdls were cultured for 8 h in media (CT), the 
adenosine receptor antagonist DPCPX (DP: 1 \iM), or 50 jig/ml IBMX (IB). 
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Fig. 4. Analysis of theophyl line-induced up-regulation of PDE7A. Panel 
A: WSU-CLL cells were exposed for 8 h to the indicated concentration of 
theophylline Gig/ml). The sample indicated with an asterisk was incubated 
for 20 h. Panel B: WSU-CLL cells were exposed for the indicated number 
of hours to 250 ug/ml theophylline. Panel C: WSU-CLL cells were 
exposed to 250 ug/ml theophylline for the indicated number of hours. 
RNA isolated from the cells was then analyzed by Northern analysis 
using a J2 P -labeled nucleic acid probe specific for sequence common to 
PDE7A1 and PDE7A2 transcripts. Equal RNA loading and transfer was 
verified by stripping the Northern and reprobing with an actin-specific 
nucleic acid probe (lower panel). 
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activity was assayed as described in the Methods section. 
PDE7A-associated PDE activity increased 4.8-fold in 
EBMX-treated (18 h) WSU-CLL cells (n = 3; mean activity 
4.01 ±0.54 pmol/min/mg total protein) relative to untreated 
controls (/t = 3; mean activity 0.79 ±0.20 pmol/min/mg 
total protein). 

Given that methylxanthines are known to have activity 
both as nonspecific PDE inhibitors and as adenosine recep- 
tor antagonists, we determined whether an adenosine recep- 
tor antagonist without PDE inhibitory activity could 
increase PDE7A expression. An 8-h treatment of WSU- 
CLL cells with DPCPX at 1 uM (IC50 for Al recep- 
tors=0.69 nM; A2a receptors = 502 nM; A2b < 100 nM) 
had no effect on PDE7A expression (Fig. 3B) [25]. 

As theophylline is currently being tested for treatment 
of CLL, we investigated whether this methylxanthine 
derivative could also increase PDE7A expression in the 
WSU-CLL cell line. Western analysis with a PDE7A 
selective antibody was used to look at changes in PDE7A 
expression in response to increasing concentrations of 
theophylline (Fig. 4A). As was noted for IBMX, theo- 
phylline was able to increase PDE7A protein expression 
in a dose-dependent manner with a significant increase in 
expression at theophylline concentrations of 100 ug/ml 
(550 uM) and higher. Western analysis was then used to 
determine the time course of this effect (Fig. 4B). WSU- 
CLL cells were treated with 100 pg/ml theophylline and 
harvested 1-8 h after the initiation of treatment. An 
immunoreactive band of 55 kDa consistent with PDE7A 
was detected as early as 4 h after treatment with theo- 
phylline. Lastly, Northern analysis was used to look at 
possible changes in PDE7 transcript levels in response to 
theophylline over the same time course (Fig. 4C). For this 
experiment, a fragment of PDE7A (549-958 bp) was 
cloned by PCR from CLL cDNA as described in the 
Methods section. This fragment was used as a probe for 
Northern analysis of RNA isolated from WSU-CLL cells 



Table 1 

Inhibition of human PDE activity by IC242 and IC243 
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Fig. 5. Inhibition of WSU-CLL PDE7A by IBMX, theophylline, and 
IC242. PDE7 was rmmunoprecipitated from WSU-CLL cells and its 
activity measured in the presence of concentrations of IBMX, theophylline, 
and IC242 ranging from 0.0 15 to 300 pM. The SEM of triplicate 
determinations is shown. 
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treated with 250 \iM theophylline over an 8-h time course. 
The PDE7A transcript of ~4 kb was detected at rel- 
atively high levels in untreated WSU-CLL cells and was 
not significantly altered in response to 8 h of treatment 
with theophylline. 

We next looked at the ability of IBMX and theophylline 
to directly inhibit PDE7 activity in WSU-CLL cells. For 
these experiments, PDE7 was immunoprecipitated from 
WSU-CLL cells using a PDE7 selective antibody and the 
activity of the purified enzyme was measured in the pres- 
ence of varying concentrations of these inhibitors. As shown 
in Fig. 5, IBMX and theophylline inhibit PDE7 activity 
derived from WSU-CLL cells with IC50 values of 8.6 and 
343 uM, respectively. Thus, the concentrations of IBMX 
(20 ug/ml=90 pM) and theophylline (100 ug/ml = 550), 
which augmented PDE7A levels in WSU-CLL cells, were 
above the IC 50 values of these compounds for PDE7, raising 



A, I>wc Titration IC242(uM) 
^^JL.P.CT 1 3, 10__30 



43-'- 



Tub. 



B.Time-reurse 



IC242 



IC243 



R.P. CT 




24 (Hours) 



Tub. 



Fig. 6. IC242 augments PDE7A levels in WSU-CLL cells. Panel A: WSU- 
CLL cells were incubated for 18 b in the indicated concentrations of 1C242, 
followed by lysis and immunoblotting for PDE7A. Panel B: WSU-CLL 
ceils were incubated for the indicated number of hours in 10 uM IC242 or 
IC243, followed by lysis and immunoblotting for PDE7A. R.P. indicates 
recombinant PDE7A used as a control. As shown in the panels below each 
immunoblot, equal loading of lanes was verified by subsequent blotting for 
tubulin (tub.). 
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the possibility that the observed increases in PDE7 resulted 
from direct inhibition of this enzyme. 

To test this, we used a specific PDE7 inhibitor, IC242, to 
examine changes in PDE7 levels. IC242 inhibits recombin- 
ant PDE7 with an IC50 value of 0.37 pM and is 100-fold 
selective for PDE7 relative to other recombinant PDEs 
(Table 1). IC242 inhibited PDE7 immunoprecipitated from 
WSU-CLL cells with an 1C 50 of 0.84 (Fig. 5). Treatment 
of WSU-CLL cells with a range of IC242 concentrations for 
18 h resulted in significant increase in PDE7A expression at 
concentrations above 3 (Fig. 6A). A time course experi- 
ment demonstrated that PDE7A was up-regulated within 8 h 
of exposure to 10 \M IC242 (Fig. 6B). Because IC242 is a 
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Fig. 7. Role of cAMP in I C2 4 2 -mediated augmentation of PDE7 levels. 
Panel A: Samples of one million WSU-CLL cells were incubated in media 
or the indicated concentration of IBMX for I b, prior to lysis and 
determination of cAMP concentration by R1A. The SEM of triplicate 
samples is indicated. Panel B: One million WSU-CLL cells were treated 
with the indicated concentration of 1C242 for 25 min, followed by 
determination of cAMP levels. Pane! C: WSU-CLL cells were treated with 
media alone (CT) or 10 jiM IC242 (IQ for 8 h m the presence (+) or 
absence ( - ) of 500 nM H-89. Cells were then rysed and immunoblotted 
fbr'PDE7A. R.P. indicates recombinant PDE7A used as a control. 



steroid-like compound, we used a structurally related steroid 
(1C243) that has no PDE7 activity as a negative control 
(Table 1). IC243 at 10 nM has no effect on PDE7A 
expression over a 24-h time course (Fig. 6B). These results 
suggest that IC242 is a potent inhibitor of PDE7A that can 
induce increases in PDE7A expression comparable to what 
was observed with IBMX and theophylline. 

We finally looked at changes in cAMP levels in WSU- 
CLL cells in response to IBMX and IC242 (Fig. 7). Cells 
were incubated with increasing concentrations of IBMX 
from 0 to 250 ng/ml for 1 h and then assayed for cAMP 
content The cAMP level increased in response to increas- 
ing concentration of IBMX up to 4.5-fold above baseline 
(Fig. 7A). In contrast, incubation of WSU-CLL cells with 
increasing concentrations of IC242 had no measurable 
effect on cAMP levels, even at doses previously shown 
to increase the expression of PDE7A (Fig. 7B). In order 
to examine the possibility that the absence of a rise in 
cAMP following IC242 treatment is the result of concom- 
itant inhibition of adenylyl cyclase by this drug, we 
cotreated WSU-CLL cells with both IBMX and IC242. 
cAMP levels rose comparably in WSU-CLL cells treated 
with either IBMX alone or IBMX combined with 10 nM 
IC242 (data not shown). Thus, we found no evidence to 
suggest that IC242 inhibits adenylyl cyclase. As many 
cAMP-mediated signaling events result from activation of 
protein kinase A (PKA), we examined whether the IC242- 
mediated up-regulation of PDE7A expression could be 
inhibited by cotreatment of cells with 500 nM H-89, a 
potent and selective isoquinolinesulfonamide inhibitor of 
PKA (IC 5 o=48 nM) [26]. H-89 blocked IC242-mediated 
up-regulation of PDE7A, suggesting that despite the 
absence of detectable changes in total cellular cAMP, 
IC242 exerts its effect by a cAMP and PKA-dependent 
pathway (Fig. 7Q. 



4. Discussion 

We find constitutive expression of PDE7A in human 
splenic B-cells, peripheral blood T-cells, and in lymphoid 
cells from patients with CLL. In a CLL cell line, WSU- 
CLL, PDE7A expression is up-regulated by PDE inhib- 
itors, such as theophylline and IBMX, as well as adenylate 
cyclase activators such as forskolin and the cAMP ana- 
logue, dbcAMP. As each of these stimuli raise cAMP 
levels in WSU-CLL cells (Fig. 7 and data not shown), 
this would suggest that the observed up-regulation of 
PDE7A is a compensatory feedback loop that augments 
the cell's ability to catabolize cAMP in the face of 
increased intracellular cAMP levels. Similar compensatory 
increases in PDE levels have been observed for PDE4 
[27]. As an example, both transcriptional (PDE4D) and 
posttranscriptional (PDE4B) mechanisms result in follicle- 
stimulating hormone up-regulation of PDE4 species in rat 
Sertoli cells [28]. In the case of WSU-CLL, we have found 
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that basal PDE7A transcript levels are high, suggesting 
that at least a part of the observed up-regulation may be 
translational or posttranslational. 

As at least some of the clinical effects of methylxanthines 
are due to their effects on lymphoid cells, we wished to 
determine whether lymphoid PDE7A was efficiently inhib- 
ited by such drugs. EBMX inhibited PDE7A with an ICso 
value of 8.6 uM In contrast, the clinically useful compound 
theophylline was a relatively poor inhibitor of PDE7A 
(IC5o=343.5 \M). Given that therapeutic concentrations 
of theophylline (5-20 ug/ml, corresponding to 27.5- 
110 uM) are well below the IC 50 value for PDE7A, it 
appears unlikely that PDE7A is a relevant therapeutic target 
in the clinical use of this compound. 

As with the nonselective methylxanthines, IC242 also 
induced up-regulation of PDE7A in WSU-CLL cells. In 
contrast to these drugs, however, IC242 failed to increase 
WSU-CLL cAMP levels. Although it is formally possible 
that IC242 may up-regulate PDE7A by a cAMP-independ- 
ent mechanism, we favor the alternative hypothesis that 
augmentation of PDE7A by IC242 is driven by cAMP- 
mediated signal transduction in a subcellular compartment 
that does not contribute significantly to total cellular cAMP 
levels. Consistent with this idea, we find that IC242-medi- 
ated augmentation of PDE7A is blocked by cotreatment 
with the PKA inhibitor H-89. PDE7A's low K m for cAMP 
(0.2 uM) and low (0.025 nmol/min mg total protein) 
suggest that this enzyme may serve to maintain low cAMP 
levels in a restricted subcellular compartment [10]. 

IC242 is a potent PDE4 inhibitor that will be useful for 
examining PDE7 activity in vitro. However, its steroid-like 
structure precludes it from being a useful tool in biological 
settings. Additional work will be needed to develop inhib- 
itors that can be used to establish the biological role of 
PDE7 in lymphoid and other tissues. 
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i ceD Gas MC3T3-B1 eada i 
ludllueST2« 
R1KEN Ceil Bank (Tntube, lapeo). Tncu oaUa woo bb 
oedaMetaceUoesxiKyof )X l^eeiWlOO-am pUnSr 
<fiiik MOT3-E1 was caifcacd with o^asmsa] esteatial 
Bwftnn (a^MEM; (Hbro. Oaed Usad. NY. USA) end SH 
««» csbasd wiA RFMX1640 OSbcaX Bab i 
tasBd 10% fVoVvol) 1 



SehaU bidbiton for PDEisozpna 

Tbe atkdbe PDB fafcttfcaa vfapoottbe CSlgva < 
1st! Co., Sc. Lode, ISO, USAX «iyft»-ft<2JiydiBxy-3- 
myl^aaDc (BBNA: Signs QsakA Go0> ndbSaone 
CSlgas ^ w *7 J< **1 Go»X KoUpeam (Sigma Qeeekd Co.), 
Zepcmfttt CStpsa Cseancal Oa.% and o^pyddaBiole weta 
glfia turn JT, toe (Obbss. Iepeo>. AD n»jBjti«B(fihttad 
in dnttBytszifKklr CW4SO). Ai uwusadUia o/0J%, 
QMSO bad oo bsflueooo on oafl nieblfiiy (due sot efeowa). 
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2003 07:11 FAX 



gtoosma 









251 




TAUl.OUQimRVVMUClBOn 


. 




1 

, ■ - -hill 

Wl«i ewe* 


■ - - /« sit 


*t$» of (M J%#C proems* [wfj 




fOSlA 


9': TCACACTCTTCAAACTACGO 


300 




FDB1B 


J # i TGT7CACACCTATCCACCTC 






S'; GACGTGACC CACACTX^TCC 
3': 9GAXQ2CASCA0CATGAAG. 


427 


VA€9S 


PDCIC 


5': CACGATCAACTCATCACAJC 
J': CAgTCATCC t TC 1 1UTCTGC 


41S 


LT6W7 


ne 




373 


AAtSMW 




3': TQOfCACTACXOXGC I CTTG 






. 5': CCCTCTGAAACCACTATAGC 
J'x GAAAATCTCTQAQAC0A6TC 


322 




FOBS 


5 f : TGTTCiGGACACCCTCCTTC' 
3 r : 6AICCCACCHSAACMIX0C 


'438 


305521 


PDQ4A 


3': GCAACTGACACACarGTCO 


216 


ATOMS 




]': GTTCTTSTOCZAACACCrCC 






S'j ICCTATCACACTACCATTCC 

3's crcTCTGiAAAccrreccre 


322 


ADI9175 


PDBO) 


3 r : TCCeCAGGATSCTfCTCAC 


3® 


ATO8M 




3 V ! TTGCTTCCACATGCCTCAtC 




NMOOlOBli 


PDES 


3': tTTQCTSClCIAAAAOCAOCC 


4» 




3' i OCTATCCOWTTCAmCO 






FOB7 
PDE8 


V: ACTCACCCCAICCACOTnAC 
I'i GGACXCACAGCCAAATCGTAC 
5*i ACCCCCTATTTCCmcac 
3': OACTIOGGAAKCIQCAOGTC 


530 
«26 


ussnt 

■ AHJ67S06 


fDB9 


3': ZACCAGATCAATGCCCCG 


311 


ATO6824? 




3'i SCAAfiAOCTTSOTCACTC 







an cobra dqp 1 nli Rose coodtfcncd aodU »a» 
px^gndtyoofiectfayantaof CHOoeDitnnsfoctodwsm 
mBMM cDNA it a density of 3 X UP cdbflOtaa 
pUKtc cfab nflJ 10* FBS-odrfed o-MEM (G0*o] <te 



Aftnr 6 dtys of cipowto to ci 

tic eelli were wtOed late wifli ptetpfctio-tafflttd ofiao 
ffBS; -),*n*cdofftaB>a3 ml of OM NMOcoctiininj 
I «M of MlPt and JO nM of Tdi (oH 7 JJ, nd tacicned 
twice far 15 1 odx wim • soakttta (model W-220-, WA- 
anyakn Gl, Kyoto, lapsO- Ita* *e c*0 fystia vest 
ccatriftgedfa 10 atom 13000 ipanritbowycmfti 
wore -osed for «Se caxyme nuj. ADaOso ffc^***—* 
(ALP) activity w« au^ed wUa fee toetlnd of Ca^Cfa* 
oufif • cut kU (bona Uboateria. Ioql, Tokyo. Jipan) 
wiA phcgylghogfagtt q i sabsHaic. 0 ^ H» caiymc tctrr- 

bed Co (fro fsttok consent of tfac wspis. tie pratrfa 
coaiuo wn rirtrwrpfacd o>iih fee hichrtflaiato oodCBCA) 
praam *sny Ut (Rove Cbonrioal C0w Boddbflft IU USA) 
Ufa* borne aaura tOoon (BSA) a (fas 



Sor^m blots 
Ttobj wkra^Bu of tots] SKA w 



tnaaftnwS to ^bood^f + 1 
Cbb bJ^ AfDenhiflU Thoi 

ot&s^oredMdmvmWA. l*<D&lMof NO, 10 
tiki of EOTA. 0» Ital 400. 0» pdyw^ymBdoac 



Bd 02% BSA) far 3 h tf 65*C ALP, oowpcHxn (CP), 
otfittea tn L WTfinnrtrtn (OQ, od cjtyttnAdBfag^-^ 
photthtoo^dawwCO^^ 
low' TO B ^yio^ C^OBite (OCT) ariog tte BetBett 
Ufaefag Kh (TJUIU Shmo). Hrhrifflrgrtnn wu perttamod 
tf 6TO oto^fe «ad fco acoahna— owe oriad too 
tBBttat68Tfiar 1 b v&haix SSC tod 0l5» SD1 Ihe 
m o gtoptt ^qo id^ppod whig toaaddhttthd woar ooph 
QB&iogflL5%SD8 and Cbco uliyUlflliBd. Tto dfmb wen 
dwodod »th oPaji PAS ISQQ fHnlrnrjng AMtyiBf (faji 
Photo F&n Qv, M90, J^m). QOMflttoaBoO WM pcr- 
fboaod vim 0 5obcooc l*b 98 bMfp Ovsgc QVil Rzoto 
Him C3B.X tod eacb nho «nt oonaaSzed afiasttntofthc 
QAR>B bod ^ ooac^oodhv Iiiml dv oa^o^ 



BoCft eaO Bo« vat (taed 4 1 coD donury oM x 10> 
odliMlb^^pUiaoQdteDedbnsra 
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oflbtay of cettflr enfeyvu. fa Ob «n*i (be fufl^cf 
farman BradOc&4u iiiiaiiiinl by the nnatml or57flkra 
■htrai M M u tfirttffr pfppcgkgd to fto ntfAcr of gvinf, 
ccfetoote. 
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atedwi&feilyifa at StnAso^Mc* Ibe Tibae of p < 0.05 
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Rm, BttpdoflJ (he ospfEfftos of cko. RDS tbmso&" 
£vBMA(mENA}b^ST-PCR a*MC3T5-fil tod matt*, 
ftfat of to PDA koaymw iio cotoprutd of asm then ott 
bqgeno (ntNjpc) nd oomeroog rtfa^jpe inSct Tviioti 

am* 41 tuttyooipSec wtan Boft of teccO 9poi 
«tpnto0iPD6I.KS^R>B3 f PC©*, PDB7» POE8, tad 
l^itBNAs(felXtadisoattam>Gi«^ 




ft* 108 
of ALP. n.afffy note of 
i*»bUflC3TWtl fodSTZcdl* 
B Ukoaizad fa ffgt 2A«rf 28. AtP taM* njoofiotnay 
unused it bafetJCm-Bl tod OT2 oefls bf BKM m 
pmrfoorfy aBportad. 00 * Italneat of 8TC ccJb wtt 
BHHA (PDE2 icKfafcrX «ildooo» (FDBJ iotufafcor), tod 
ldipnm (PDB4 UHbtaQ c&teaccd tte BMP<4-toftxed 
ALP •ctrvity is t focskfendag mims. Tte eabuse- 
rttm of AlP actfirtty wi&ost wn obsermd oa>y Id 
to uatoasot of njSpxvuti qoDQeatntf oat 10 jd4U.4*ftAd 
»te%c cocttol). AUhnx& gqaa qtoo of PDE1. POOT (ie* 
hfttara tvtiUblqX WE8. «d FD0«cn cadootd by 
Rl4Cft sotfrrit m 3T1 oeUi. buntst i4& vfapaotdot 

Id tafclbh PDHS^X and BpSaut IFDSS Ml TTO^" 

Wflritar) old o» tflcot <2» HMP^-tadwi ALP octtvUy. 
to eematt, op BMP 1 ftctsod ALT oarvtfjr to 
MCTO-eicriUo 
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DAYS JN CULTURE 
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fcAYStfCUMClB 



2 4 « 
DAWKCUITITO 



TOw4 BBfcsafrfi«*iiBH»i8iato«a(t»a«^ 
ofa*ataVctinPMa4s^ta6diyiThit^ 



mXMA IctcI Moat of fee PDB toaymct axe teo wa to 
oBflajnaa odco dun cdb ssosjbdb prodoct caMad a TDH 
Kitbtypc.* E^fffhcmocBt cadi of the PDB aabtype pbbIbbbi 
has one or noe bBNA aptioe wlsjtta (PDB isafcnas) 
rondtiax; from tithe ahe&ssiive a n ll ri agof mRKA or illar- 
ogjtot immilptinn imdnina titt. Therefore, waLdkin of 
PDB. isosyBaar mail be caUmivs tod each PDC iscform 
might tttfcMt a nw^pedlte dlrtaoato pascm In tbio 
itody, ore cmriotd PDB Isoayuuf (or tuh^rpo) bos PDB 
ImygBB rppctfeta ogpobflaaoc forage wop polkfartificL 
Hiivcvcx. fncdoBil uslyiLi fanrohing the us d (ho id-. 
ssctive uihifajtun for PDB Uozynct revealed that FDB2, 
PDB^oBdFi^wccedmiDn^te«(teno^ 
of ccty inge otteoMaak cdto. (to findiifts pact to a 
Mnte 'rfparthgto; cKhcr the mRKA of TOE* ate 
bod PDB2. HO, «ad FD84 an sot baoaietid or fee 

* i—^i ^ _ _ ^ . ■ tm ) mT~£mT mm i OlaO' ■ 

VOIWJ w tOfBMBPO OX CyiDflxnca rj ■ u ■ iflQ. 

The FD62 tQhjhj BB B^MA^ (ha (DCS ostdblBv bb2ok 
aoBOj and (he PDB4 hbibtof soHpiwaflggiUead BUM 
aohni as foflccad fay ALP activates. OeJy thaPDB4b- 

osteottatt nasftmeutfl OC k boftSjZiadMCyn^ 
eefia. Becaass PDB2 tad VDB3 act on both cAMP and 
cCM? bat PDB4 is a cAMF^pcd^ IDE, (he drraced 
iHBaoo^la%a|rfcAMPooa^ 
of boft otflk ffppitaw ssbotqi frosoosx Ubonttsy l&BleaBj& 
. a positive afiodt of johpOBDOD boaoioDiiaDOD ioao ai vivo 
modeV^aari odsar ua w o jwjidln a; catfiea ooa> tcpartad^* 4,3 ** 
TTaaoretBtotodiiJtootelTO4isas^ 
in the re gp l ti i oo of BldP<4 actjoo at ao eady stage of 

ay wu oat m in wriMH&rcaiiafcd MCSTMIoeua. 

cAMRfetoada Usase A (PKA>-dape&deBt psft»ayi an 
ftp ui fnd to exert aat^ai obbbbbbb tX T mia so oatajblaua/*^ 
Hwawer, ajpdaooo of diflatenUfttoa by cAMP^aodoaod 
ugcattaj touogb cAMP inseata&m by PDBt h pooojf 
padBBBPod is (ho oattoWastf*^^ VTofoond feat tff qsa of 
Q^p ooaaclacOTo PDS tolutucoj ^jouEBxifytlhia ^sdvood toQd 
tfCBTfflrtBftwi of cAMP jtm act sjqwbX eahsaeed HAg>« 
I AIP eaptesakoi lo vim\ aad adnadiled aya- 
Tbia study ahoood that elective 



soUbUota for FCB2. FDES. aodPIW 

tarifyiltoe eflbds m booe man^w cSeoouI ceBs 572. 



wool adcoylyl cydaaa stnoaUmr. andbyotoatyiyicAMP. 
acAMPasa^fOsnUadtoaasQonooBinB 



ALP artWor^Ttae waits snvpoilBtenaloateaj^ 
Ba a ad ocooB ria the PKA pathway it aeooswy hot oat 
~ ^0»R)Biisbibsm8lo08dn1aotaflKt 
of te OT edla; bo aflbfli af tfat PDB 
iasjraaafjr 



tti»riysta^Qfd1«BEmfliail«iD 
aoo*dofee33B*tteofaaute 
(Qos-l^wbSebaefru a trfmarrintioa octtvatnr In os» 
ff^tetif rfiffwyntfart w> mil ■ acaMig gegphanr far bane 
gggmgggttQAi) 'nM CTS Q o ^ we f •■nfiri! fix f***** 4 **" of 
Cbft 1 Ajj mill goaoaj ailin Iho PDB tnfiMtnr anrt BMP 1 
tsooaw, oo change fa Cbftt-1 fldDU leseb wu obaenoJ 
(daoi Dot afaoway* A oxao th**^^ aaaggoaoofl of this 
nataaoiaaimffllaiosaaBhjectof ftsteatofltta. 

Tbo potoatoj oat of IDS hiWohm at drags to «fiajnlate 
oev bom* fonaaBoo woaJd ho attflthcr tafgotof ou atudy. 
Bos fzis pvpaHi id^otificaoiBi of ° C ^v?*^f 
PDB isofonhs and tev selocttre tehdssnwiUbtBs^Bxrcd 

to IVOid toA^t^ dfV. gffiwcti in patett. 

CbiraBO>, BMP tBokcoftfli (BMMJ prodxsod by UNA 
pobbMbboob Wlajooo/ 01 aai nady te oae ta cSaJcsi 
pmBo>Howa^,OBaofo^iBS^ 

nn^^rfBawBciol^B^ass^ to toduos saw booa is bunasa. If 
aocaa POB faMMBBS oahaoco BMP aaka, thay aasad to 
faqpeoft Iho effioK^f of BMP. 

la l M fUT^ ^ fi^ffi wc hart Souad Ihat PDB isflsymes ace 
mvoNod ta (he soDdnliBDB of difleiuiia&on pooonoa bs 
oaasBflBBlc pnoBSOT oalbw Porihcf, achctiaa SflUotttBa Car 
PDB2, PDB3, and fBW.flnfortfay iaffooaoad ofaanhtesoc 
rfHT^TT^tW^ 4*-artsfl-aeiIh. tedBg stadin of otteabbofec 
atDoazsms aBo^aAWMoBdittSd tiffaanBj sovohni PDB 
laotena aial tha tf vo httynrnfa g MfaSacjg ana oeadsd Wc 
, qoc ^nr eaxydas sr a potBoasBy aifsissosot IjibbI 
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PKA AND cAMP AS SUPPRESSORS OF 
ACTIVATED CELLS 

Cellular cyclic AMP (cAMP) concentrations and the 
corresponding activation state of protein kinase A 
are main regulators of signal transduction pathways. 
Various regulating proteins with bottleneck function 
such as ion channels, ion pumps and protein kinases 
are targets for phosphorylation and activity mod- 
ulation by protein kinase A. Thereby cellular cAMP 
levels may serve as a gate or a valve regulating cellular 
functions and susceptibility for activating signals. 1 - 2 

Prominent cellular functions associated with asthma 
are (1) leukocyte activation and proliferation, (2) 
transendothelial permeability and (3) contraction and 
proliferation of smooth muscle cells which can all 
be down-regulated by activated protein kinase A. 
Therefore, it must be inferred that increases of cellular 
cAMP levels should interfere with airway in- 
flammation, or edema formation, bronchoconstriction 
and remodelling in asthma. Since actual cAMP con- 
centrations are determined both by the rates of syn- 
thesis and breakdown, the cellular profile, and 
localization of PDE isoenzymes are important de- 
terminants of cAMP levels and consequently the ac- 
tivation state of cells involved in airway disorders. 
Typical deviations such as increased smooth muscle 
tone, enhanced sensitivity to allergens and airway 
inflammation as well as long-term airway remodeling 
may thus be normalized by selective inhibitors of PDE 
isoenzymes. 



PDE SUPERFAMILY 

In addition to the PDE6 isoenzyme involved in photo- 
receptor signalling at least 15 genes in the human 
genome code for more than 30 PDE proteins (splice 
variants). The PDE supcrfamily has been divided into 
nine families on the basis of genetic criteria, substrate 
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specificity, biochemical regulation and phar- 
macological properties as listed in Table 1. In view of 
this large superfamily of PDEs several issues have to 
be resolved in order to design new drugs which (1) 
specifically target cells central to the pathology of 
the respective disease (2) reverse pathophysiological 
deviations in cells involved and (3) do not sim- 
ultaneously interact with other cells to minimize the 
risk of adverse drug reactions. 



PDE ISOENZYME PROFILES 

One possible approach to resolve the distribution of 
PDE isoenzymes in human cells and tissues makes 
use of (1) specific substrates, (2) the physiological 
regulators Ca/calmodulin and cGMP and (3) iso- 
enzyme-selective drugs. This procedure identifies PDE 
isoenzymes in homogenates and fractions of purified 
human cells and quantifies the amount of PDE1-5 
and PDE7 at the level of activity. Most of these data 
have been published, 3 and are summarized in Table 
2. PDE7 was not analysed directly but the remaining 
activity which could not be inhibited by a combination 
of selective inhibitors was attributed to this PDE 
family in accordance to PCR data. Any further differ- 
entiation of subtypes and splice variants has been 
studied in several tissues but conclusive - and espe- 
cially semiquantitative - results related to human cells 
are scarce. However, such investigations are currently 
performed using techniques such as PCR and Western 
blot analysis. 

Three groups of cells and tissues may be classified 
from the data in Table 2: 

(1) cells exclusively or predominantly containing 
PDE4 such as eosinophils, neutrophils, mono- 
cytes, B lymphocytes and epithelial cells, the latter 
in addition containing PDE1. 

(2) Mast cells and T cells which contain pre- 
dominantly PDE4 and PDE3. Macrophages and 
dendritic cells containing PDE4, PDE3 and ad- 
ditional PDE1. Endothelial cells containing 
PDE4, PDE3 and additional PDE2. 
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Table 1 Human phosphodiesterases. 



Isoenzyme 


Biochemical feature 


(Specific) inhibition by 
UQ* mm) 


Substrate 
{Km \oi) 


Genes 


Splice 
variants 


1 


Ca l4 7CaM-stimulated 




cGMP>(A, B) 
or =(QcAMP 


A 
B 

C 


2(>) 
1 (>) 
3(>) 


2 


cGMP-stimuIated 


EHNA (I) 


cAMP=cGMP 
(50) 


A 


K>) 


3 


cGMP-inhibited 


Motapizone (0.03) and many 
others 


cAMP«cGMP 

(0.2) 


CO > 


2 
1 


4 


- 


RP73401 (0.001) and many 
others . 


cAMP (5) 


A 
B 

C 
D 


2 
3 

4(>) 
5 


5 


cGMP binding 


Sildenafil (0.003) and many 
others 


cGMP (1) 


A 


1 


6 


'Photoreceptor* 
cGMP binding 




cGMP 


a, a, p. y 
(», 13 kD) 




7 


Mg 1 "-independent 


IBMX (30) 


cAMP (0.2) 


A 


2 


8 . 




Dipyridamole (10-40); not 
IBMX 


cAMP (0.05) 


A 
B 


I 


9 


No cGMP binding 


SCH51866(1.5):Zaprinast 
(35) 


cGMP(0.1) 


A 


1 



(3) Smooth muscle tissue from bronchi and A. pul- 
monafis containing PDE1, PDE3, PDE4 and 
PDE5 at characteristic amounts and ratios with 
bronchi containing additional PDE2. 

These PDE isoenzyme profiles and activity ratios 
appear to be characteristic for the described cells and 
tissues after isolation or preparation. However, they 
can obviously be altered by a variety of exogenous or 
endogenous stimuli. For example, increased ex- 
pression of PDE4 subtypes by (^-adrenoceptor agon- 
ists, prostaglandins and other cAMP-elevating agents 
was found in cardiac tissue, 4 inflammatory cells, 5 or 
keratinocytes, 6 and this up-regulation in response to 
prolonged protein kinase A activation seems to be a 
general principle resulting in homologous or het- 
erologous desensitization which may be of relevance 
in asthma. 5 

Cell differentiation and proliferation seems to be 
often accompanied by an alteration of PDE profile 
as shown for human T lymphocytes 7,1 or smooth 
muscle 06115.* Data in Table 2 show details of another 
example of PDE isoenzyme changes during differ- 
entiation. Human monocytes which were differ- 
entiated under conditions of tissue culture to 
macrophages or dendritic cells adopted a new PDE 
isoenzyme profile. This was similar to the profile found 
in macrophages isolated from bronchoalveolar lavage 
and was characterized by a considerable increase of 
PDE1 and PDE3 paralleled by a decrease of PDE4. ian 
Thus, the transient, tissue-specific up-regulatton of 
certain members of the PDE superfamily may be a 



tool to regulate cellular sensitivity for extracellular 
signals. 12 . 

Several studies addressed the question of whether 
PDE isoenzyme profiles in PBMCs obtained from 
allergic subjects differ from those of normals. Con- 
flicting results have been published and are reviewed 
by Gantner et al. 13 Our own results suggested that 
there is no difference in PDE profiles of PBMC or 
eosinophils obtained from normal versus allergic vo- 
lunteers. 13 However, based on published effects of 
inflammatory mediators such as LPS, IFN-y, IL-4, 
IL-10, PGE 2 or endogenous catecholamines on the 
PDE isoenzyme content of human monocytes or T 
cells, ,4 " 15 it may be speculated that cells which migrated 
from the blood compartment into areas of in- 
flammation after being in contact with these pro- 
inflammatory mediators exhibit changes in their PDE 
isotype expression. 



SELECTIVE INHIBITION OF PDE 
ISOENZYMES AND CORRESPONDING 
INFLUENCE ON CELL FUNCTIONS 

Activation of the cells listed in Table 2 can be ex- 
perimentally suppressed by addition of either forskolin 
or mediators such as PGE 2 or by dibutyryl-cAMP 
and other direct activators of protein kinase A. 16-1 8 
On the other hand, inhibition of cellular functions by 
cAMP agonists was reversed by PK A inhibitors. These 
results indicate that the influence of cAMP elevation 
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Table 2 PDE isoenzyme profiles of human celts. 







2 


3 


4 


5 


I 


Reference 


Eos. neutrophils 








+ + + + 




+ + 


19.20 


Monocyte 






+ 


+ + + + 


+ 


+ + 


10 


MP; DC (mono-der) 


+ + + + 




+ + + + 


+ + + 


+ 


+ + 


10 


MP (BAL) 


+ + + + 




+ + + + 


+ + + 


+ 




11 


Mast cell 






+ + + 


+ + + 


+ 


ND 


3 


T cells 


+ 




+ + . 


+ + 




+ 


26 


B cells 








+ + + 




+ 


48 


Endothelial cells 




+ + + + 


+ + + 


+ + + 




+ + 


3 


Epithelial cells 


+ + 






+ + 




+ 


3 


Platelets 




+ + 






+ + + 


ND 


3 


A. putmonalis 


+ 




+ + + + 


+ + + 


+ + + + 


ND 


3 


Bronchi 


+ 


+ + 


+ + + 


+ + + 


+ + + 


ND 


29 



PDE activity (pmol/mg x min): <2- ,2-5 +. 5-15 + +, 15-45 + + +. >45 + 4- + +. 

MP = macrophages, DC* dendritic cells, mono-der -monocyte-derived, BAL -broncho-alveolar lavage. ND = not determined. 
Eos — eosinophils. 



in most cases seems to be mediated by protein kinase 
A resulting in a suppression of cell activation. The 
necessary extent of specific PDE isoenzyme inhibition 
required for sufficient PKA activation that attenuates 
cellular functions can now be assessed. 



EOSINOPHILS, NEUTROPHILS AND 
MONOCYTES 

Induced release of reactive oxygen species (ROS) and 
leukotrienes by activated eosinophils, 19 or neutrophils, 
20 was suppressed by selective PDE inhibitors rolipram 
or piclamilast and the efficiency could not be further 
enhanced by PDE3 inhibitors such as motapizone. 
In monocytes, L PS-induced release of TNF-a was 
inhibited by maximum PDE4 inhibition to ap- 
proximately 80%, and only in the presence of a se- 
lective PDE3 inhibitor (motapizone) was 100% efficacy 
on TNF-a release achieved. 10 This additive increase 
of efficacy by combined PDE4 and PDE3 inhibition 
was demonstrated with rolipram and piclamilast and 
is in accordance with the small but significant PDE3 
content of monocytes (Table 2). Whereas eosinophils 
and neutrophils contain exclusively PDE4 and are 
maximally inhibited by PDE4 inhibitors, in monocytes 
the small amount of PDE3 present in these cells (Table 
2) obviously contributes to cAMP hydrolysis. 



MACROPHAGES AND DENDRITIC CELLS 

In monocyte-derived macrophages this situation was 
found to be even more pronounced since neither 
rolipram, piclamilast or motapizone reduced TNF-a 
release more than 20%. If a combination of PDE4 
and PDE3 inhibitor was added complete inhibition 
could be achieved. 10 This efficacy of the simultaneous 



PDE4/3 inhibition was further supported by the sim- 
ilar efficacy of to lafen trine - a mixed-type PDE4/3 
inhibitor. This complete inhibition of TNF-a-release 
by PDE4/3 inhibition inclines to suggest that neither 
PDE1 nor PDE7 contribute significantly to endo- 
genous cAMP hydrolysis under the given conditions. 
Interestingly, in macrophages efficacy of PDE in- 
hibitors on TNF-a-release was only observed in the 
additional presence of an adenylyl cyclase activator 
such as PGE^ indicating a low level of basal adenylyl 
cyclase activity in these cells. Analogous synergy of 
PDE3 and PDE4 content is described for monocyte- 
derived dendritic cells. 21 



T LYMPHOCYTES, MAST CELLS AND 
ENDOTHELIAL CELLS 

Activation of highly purified T lymphocytes leading 
to proliferation and cytokine release has been assessed 
in vitro by addition of various mitogens or other 
stimuli. 5,22 Selective PDE4 inhibitors reduce pro- 
liferation or secretion of IL-2 following phy- 
tohaemagglutinin challenge by about 40-60%. 25 " 25 This 
efficacy was considerably enhanced if either a com- 
bination of PDE3 and PDE4 inhibitor or a mixed- 
type inhibitor such as zardaverine were used. 1 " 4 These 
functional results are consistent with the presence of 
PDE3 and PDE4 in these cells. 2 * 

Human mast cells contain equal amounts of PDE3 
and PDE4 activity as measured by Tenor et al. 3 The 
corresponding influence of PDE inhibitors on release 
of histamine, PGD Z and LTC 4 was recently described 
by Weston et al. 27 Neither piclamilast or rolipram 
nor siguazodane as mono-selective inhibitors had any 
functional influence at maximum selective con- 
centrations. Although combinations of these drugs 
were not studied, IBMX as a non-selective PDE in- 
hibitor reduced PGD 2 and LTC 4 release by >90% and 
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histamine release by about 50%. These results indicate 
that even if either PDE3 or PDE4 is completely 
inhibited the remaining cAMP-hydrolysing activity 
avoids increases of endogenous cAMP sufficient for 
protein kinase A activation. Simultaneous reduction 
of both activities PDE3 and PDE4 appears to be 
essential for attenuation of mast cell function. 

For endothelial cells a similar tack of efficacy of 
mono-selective inhibition of PDE4 or PDE3 was de- 
scribed for protection vs. thrombin or H 2 0 2 -induced 
increase of transendothelial permeability. In contrast, 
the endothelial layer was efficaciously protected 
against hyperpermeability only in the combined pres- 
ence of PDE4 and PDE3 inhibitor or a mixed-type 
inhibitor such as zardaverine. 17 ' 28 



BRONCHIAL AND VASCULAR SMOOTH 
MUSCLE 

In spontaneously contracted human bronchi mono- 
selective PDE3 inhibitors are potent relaxants on their 
own whilst PDE4 inhibition is ineffective. 29 Higher 
relaxing efficacy of PDE4 inhibitors was observed 
upon stimulation of bronchial constriction by his- 
tamine. 24,30 However, combined inhibition of PDE4 
and PDE3 triggers relaxation to a greater extent than 
PDE3 inhibitors alone, indicating a synergistic effect. 29 
These results may indicate that, in contrast to in- 
flammatory cells where PDE3 inhibition hardly affec- 
ted functional effects in human bronchial smooth 
muscle cells, PDE3 is located in a compartment more 
closely associated to regulation of Ca 2+ fluxes affecting 
contractility. 

A slightly different picture was observed measuring 
the influence of PDE inhibitors on human smooth 
muscle proliferation in culture which had previously 
shown to be antagonized by protein kinase A ac- 
tivation. 31 In a recent study by Johnson-Mills et al, 32 
the analytical and functional data of cultures from 
four donors are presented separately. It occurs that in 
each donor the absolute amount of cAMP-hydrolysing 
activities varies by a factor of 2 while the ratios of 
PDE3/PDE4 activities are similar to approximately 
2:1. Functionally, however, the mono-selective in- 
hibitors rolipram or CI-930 alone have weak effects, 
whereas the combination of both compounds seems 
to inhibit proliferation in a supra-additive fashion. 
The predominance of PDE3 and PDE4 inhibition 
differs between donors and this functional difference 
does not meet the individual PDE3/PDE4 activity 
ratio, suggesting a transient intracellular regulation 
of PDE activity which is not detected by measuring 
activity in cell extracts. 



Table 3 Adverse events of mono-selective PDE inhibitors 



PDE3-inhibition PDE4-inhibition 



Adverse events 


Tachycardia 
Arrhythmia 
SVRl-reduction 
a-increase 
Platelet inhibition 


Nausea 
Vomiting 
Enhanced acid 
secretion 
Headache 


Avoidance 
strategy 


PDE3 A/B 
Selectivity? 


PDE4 LAR 
Selectivity 



ADVERSE EVENTS 

Considering the PDE isoenzyme profiles and the cor- 
responding functional influences of PDE inhibitors 
oh those cells which arc central to asthma pathology, 
it appears that mono-selective PDE4 inhibitors will 
affect several of these cells, in particular inflammatory 
cells. In the additional presence of a PDE3 inhibitor, 
however, the attenuation of cell activation will be 
more efficacious, at least in those cells containing both 
enzymes. The question arises of whether this higher 
efficacy of PDE4/3 inhibitors will be paralleled by a 
higher risk for side-effects. 24 

Adverse events which have been observed in clinical 
studies with PDE3 and PDE4 inhibitors are listed in 
Table 3. Nausea and emesis were the most prominent 
adverse drug reactions associated with PDE4 in- 
hibition, limiting their clinical use so far. From an 
intensive research for new PDE4 subtype-specific and 
conformation-selective compounds new drugs seem 
to have emerged which are characterized by higher 
tolerability. For the recombinant PDE4 splice variants 
PDE4A4 and PDE4D3 (long forms' with >700 as) 
two different binding affinities for rolipram with K D 
values in the range of 1-5 nM and 0.1-1 um have been 
analysed," probably reflecting two different con- 
formations of these enzymes. 7 At artificial 'short 
forms', which resemble PDE4D2, however, pre- 
dominantly a low affinity binding site (low-affinity 
receptor*, LAR) for rolipram was found. 34 *" In func- 
tional experiments with monocytes, 36,37 and T cells, 38 
(derived from the guinea-pig) and using various PDE4 
inhibitors it was found that the low affinity binding site 
(LAR) for rolipram was involved in cAMP hydrolysis 
inhibition. High affinity binding, on the other hand, 
to the respective conformations of 'long-form* PDE4 
splice variants was found to be related to ROS release 
from neutrophils, 37 and is supposed to be related to 
generation of emesis. 5,39 Consequently, new com- 
pounds which, in contrast to rolipram, do not pref- 
erentially interact with the high affinity binding site 
such as pidamilast, should induce less emesis. 40 At 
optimum, compounds with preferential affinity for 
LAR (Table 3) should avoid generation of emesis 
while retaining antiinflammatory activity - although 
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Fig. 1 Expected effects of PDE4 and PDE4/3 inhibitors in asthma derived from the PDE isoenzyme pattern of individual cell types. 



targeting a limited number of cells involved in in- 
flammation. The clinical studies with Ariflo™ suggest 
that it may be possible to separate the potential for 
emesis and the antiinflammatory activity of PDE4 
inhibitors. 4 ' 

Mono-selective PDE3 inhibitors such as milrinone 
exhibited an improvement of myocardial performance 
in patients with cardiac failure. However, this benefit 
was associated with an increased risk for the oc- 
currence of fatal arrhythmias, particularly in those 
patients with preexisting electrical instability of the 
myocardium. In fact, animal experiments have dem- 
onstrated that under conditions of ischemia/re- 
perfusion excessive cAMP increases trigger 
arrhythmogenicity based on the induction of delayed 
afterdepolarizations. On the other hand, there is broad 
evidence suggesting that the arrhythmogenic potential 
of PDE3 inhibitors is limited to electrically instable 
myocardium as manifested in ischemia/reperfusion 
events. 42 ' 3 

• Delayed afterdepolarizations (DAD) have been 
identified as important triggers of fatal arrhythmias. 
Ca 2 * overload as observed in consequence of myo- 
cardial injury may provoke DAD by enhanced Na + 
influx based on Ca 2+ -induced activation of the Na 4 / 
Ca 2+ exchange channel. cAMP increases in the 
myocardial cell may aggravate a preexisting Ca 2+ - 
overload by enhancing Ca 2+ influx over the sar- 
colemmal membrane and indirect stimulation of 
Ca 2 Mnduced Ca 2+ release from sarcoplasmic re- 
ticulum; thus increasing the risk of fatal DAD. On 
the other hand, based on this mechanism it appears 
evident that cAMP may have much less potential 
to trigger DAD in normal cardiomyocytes i.e. in 
the absence of Ca 2+ -overload. 

• Certainly, under the conditions of cardiac failure 



there is a massive excess of circulating ca- 
techolamines. These catecholamines may amplify 
PDE3 inhibitor-induced cAMP increase and thus 
potentiate the arrhythmogenic risk. In contrast, 
in the absence of excess catecholamines as under 
physiological conditions the risk for PDE3 in- 
hibitors to induce DAD and hence arrhythmias 
should be limited. 44 

• Based on experiments in normal human atrial car- 
diomyocytes it may be hypothesized that PDE2 
activated by cGMP formed by physiological levels 
of NO may partly cleave cAMP elevated by PDE4/3 
inhibition, thus preventing excess cAMP formation. 
This may represent another mechanism indicating 
a low arrhythmogenic risk of PDE4/3 inhibition in 
the normal human heart. In contrast, in the injured 
myocardium high NO levels are formed that may 
potentiate cardiomyocyte Ca 2+ overload and result 
in more complete cGMP-induced inhibition of 
PDE3. 45,46 

• Any arrhythmogenic potential of PDE3 inhibition 
may only be revealed by the presence of Ca 2 *- 
overload, excess circulating catecholamines and NO 
as this may happen in ischaemia/reperfusion injury. 
In contrast, PDE3 inhibition does presumably not 
result in arrhythmias in electrically stable myo- 
cardium. 

We advocate that in asthmatics with electrically stable 
myocardium an increased arrhythmogenic risk should 
not be inherent to PDE4/3 inhibitors. 

Independent from this discussion another strategy 
for avoiding eventual cardiac side effects may be 
possible. Cardiac tissue contains predominantly 
PDE3A whilst PDE3B has been detected, in in- 
flammatory cells. 47 PDE4/3 inhibitors with PDE3B 
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selectivity thus might avoid any eventual cardiac risk 
(Table 3). 



CONCLUSIONS 

The inflammatory and effector cells present in the 
asthmatic airways are arranged in a putative hierarchy 
in Fig. 1. Regulating cells are in the top and medium 
levels whereas effector cells which depend on signals 
and interactions of the orchestrators are found in the 
bottom level. Contents and ratios of PDE3 and PDE4 
activities are included as well as the functional in- 
fluences of mono-selective PDE4 and dual-selective 
PDE4/3 inhibitors, as measured in vitro in human 
cells and tissue preparations. 

It is evident that PDE4 inhibitors will strongly affect 
the effector cells and reduce (1) their mediator and 
enzyme release, (2) decelerate their chemotaxis and 
(3) indirectly relax bronchi by inhibition of release 
of bronchoconstricting mediators, thus normalizing 
several of the cellular abnormalities in asthma. The 
combined PDE4/3 inhibitors will exert higher efficacy 
compared to PDE4 inhibitors at orchestrating cells 
such as T lymphocytes, dendritic cells or mast cells. 
Further, PDE4/3 inhibitors trigger direct bron- 
chodilation. Thus, protection against allergen-induced 
mast cell-mediated bronchoconstriction should be 
achieved efficiently both on the level of mast cell 
inhibition and direct bronchodilation. In addition, a 
retardation of remodelling-associated smooth muscle 
cell proliferation may be predicted. 

Thus, from the in vitro experiments, a pre- 
ponderance of PDE4/3 inhibition is evident. However 
in areas of inflammation iNOS is expressed and cor- 
responding high NO levels will raise intracellular 
cGMP levels. Therefore, under inflammatory con- 
ditions an endogenous inhibition of PDE3 has to be 
expected which would not be evident under in vitro 
conditions. In vivo studies have to decide whether* 
combined PDE4/3 inhibitors offer a real advantage 
over mono-selective PDE4 inhibitors. 

For both PDE4 and PDE4/3 inhibitors a high 
potential as an antiasthma drug can be predicted, 
with PDE4/3 inhibitors having an even higher efficacy. 
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Epithelial cells actively participate in inflammatory airway disease by liberating mediators such as arachi- 
donate metabolites and cytokines. Inhibition of phosphodiesterases (PDEs) may be a useful anti-inflamma- 
tory approach. The PDE isoenzyme pattern and the effects of PDE inhibition on mediator generation were 
analyzed in primary cultures of human and porcine airway epithelial cells (AEC) and in the bronchial epi- 
thelial cell line BEAS-2B. PDE4 and PDES were detected in lysates of all cell types studied. In primary 
cultures of human AEC, the PDE4 variants PDE4A5, PDE4C1, PDE4D2, and PDE4D3 were identified by 
polymerase chain reaction analysis. Evidence of the recently described PDE7 was obtained by rolipram- 
insensitive cyclic adenosine monophosphate (cAMP) degradation, and its presence was verified by the 
demonstration of PDE7 messenger RNA. Primary cultures of human airway epithelium also expressed 
PDE1. Enhanced epithelial cAMP levels, induced by forskolin and PDE4 inhibition, increased formation 
of prostaglandin Ej (PGEJ, but not of interleukin (IL)-8 or 15-hydroxyeicosatetraenoic acid (15-HETE) in 
airway epithelial cells. Increased cyclic guanosine monophosphate levels in these cells provoked by so- 
dium nitroprusside and the PDES inhibitor zaprinast reduced the PGEj synthesis, whereas 15-HETE and 
IL-8 formation were unchanged. The data suggest that PDE isoenzymes are important in airway inflamma- 
tion and that PDE inhibitors exert anti-inflammatory effects by acting on AEC. Fuhrmann, M., H.-U. 
Jahn, J. Seybold, C. Neurohr, P. J. Barnes, S. Hippenstiel, H. J. Kraemer, and N. Suttorp. 1999. 
Identification and function of cyclic nucleotide phosphodiesterase Isoenzymes in airway epithelial 
cells. Am. J. Respir. Cell Mol. BioL 20:292-302. 



In industrialized countries, inflammatory airway diseases 
are frequent disorders with increasing incidence. The 
pathogenesis of these diseases is complex and poorly un- 
derstood. Recent studies, however, suggest that in the 
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broad array of cells Involved in orchestrating airway in- 
flamrnation (e.g.. lymphocytes, mast cells, eosinophils, 
granulocytes), the airway epithelium itself plays a promi- 
nent and active role. Indeed, epithelial cell-derived media- 
tors such as interleukin (IL) -8, 15-hydroxyeicosatetraenoic 
acid (15-HETE). tumor necrosis factor-a (TNF-a), granu- 
locyte macrophage colony-stimulating factor, nitric oxide 
(NO), and prostaglandin E 2 (PGEJ promote or reduce 
airway inflammation. In addition, bronchial epithelial cells 
are also targets of a variety of mediators released by neigh- 
boring cells (NO, TNF-a. etc) (1-4). 

Currently available therapies for inflammatory and ob- 
structive airway disease such as ^-adrenoceptor agonists 
or glucocorticoids are nonspecific and not without side ef- 
fects. One group of reagents with powerful anti-inflamma- 
tory activity consists of inhibitors of cyclic nucleotide 
phosphodiesterases (PDE). Thus far. seven PDE gene 
families encoding multiple PDE proteins have been identi- 
fied (5-7). The PDE classification is based on substrate 
specificity and regulatory characteristics. The PDE isoen- 
zyme pattern differs among tissues and cells. Our recent 
analysis in endothelial cells showed high activities of 
PDE2. PDE3, and PDE4 (8-10). These cells, however. 
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lacked PDE5. the major cyclic guanosine monophosphate 
(cGMP) -degrading PDE. Airway epithelial ceils (AEC) 
probably have an efficient cGMP-metabolizing capacity 
because they are continuously exposed to NO in the in- 
haled and exhaled air (11). The cyclic adenosine mono- 
phosphate (cAMP)-specific PDE4 has been demonstrated 
in many proinflammatory cell types, and PDE4 inhibition 
is a conceivable useful anti-inflammatory approach (12). 
Smooth-muscle cells possess PDE1-5, and inhibition of 
the cGMP-specific PDE5 regulates the tone of human pe- 
ripheral airways (13). 

The first objective of the present study, therefore, was 
to identify the PDE isoenzymes in AEC. This appears to 
be essential if a specific and site-directed therapy with 
both anti-inflammatory and antiobstructive properties is 
to be developed. Thus, we established AEC of porcine and 
human origin and also used the human bronchial epithelial 
cell line BEAS-2B. 

The second objective of the present study was to test 
the concept that PDE inhibition alters the secretion of me- 
diators and cytokines in AEC. It is well established that in 
the presence of enhanced intracellular levels of cyclic nu- 
cleotides, monocytes. T lymphocytes, eosinophils, and gran- 
ulocytes demonstrate a decreased respiratory burst and 
cytokine generation (12, 14). Similarly, in endothelial cell 
monolayers, elevated cyclic nucleotides block endothelial 
hyperpermeabillty (8-10). Collectively, cAMP and cGMP 
appear to be important regulators of the inflammatory 
reaction. To test this concept, we focused on epithelial 
generation of IL-8 and of the lipid mediators PGE 2 and 
15-HETE. 

Materials and Methods 
Materials 

Tissue-culture plasticware was obtained from Becton-Dick- 
inson, Heidelberg. Germany. Medium 199, serum-free ke- 
ratinocyte medium, Dulbecco's modified Eagle's medium 
(DMEM)-F12, fetal calf serum (FCS). Hanks* balanced 
salt solution (HBSS), phosphate-buffered saline (PBS). 
AA2-hydroxypiperazine-/v* -ethanesulfonic add (Hepes). epi- 
dermal growth factor (EGF), L-glutamine, and bovine pi- 
tuitary extract (BPE) were from GIBCO. Karlsruhe, Ger- 
many. Deoxyribonuclease type I (DNase) , trypan blue, and 
antibiotics were from Boehringer Mannheim GmbH, Mann- 
heim, Germany. Anticytokeratin (clone MNF 116) and avi- 
din-biotin-horseradish peroxidase (HRP) were supplied 
from Dakopatts GmbH, Hamburg, Germany. An tivim en- 
tin (clone V9) was obtained from Dianova-Immunotech, 
Hamburg, Germany. Biotinylated horse antimouse antibody, 
Vectastain alkaline phosphatase kit p-nitrophenylphos- 
phate, and avidin-biotin blocking reagent were from Vec- 
tor Laboratories, Inc., Burlingame, CA. The monoclonal an- 
tibody directed against PGE 2 was generously provided by 
K. Brune and J. Mollenhauer, Institute of Pharmacology, 
University of Erlangen, Germany. Recombinant human 
TNF-a (2 x 10 7 U/mg) was obtained from R&D Systems, 
Wiesbaden, Germany. Gelatin from porcine skin type I, 
protease XIV, insulin, bovine apo transferrin, forskolin, 
3-isobutyl-l-memyi-xanthine (IBMX). CrotaJus atrox snake 
venom, dipyridamole, sodium nitroprusside (SNP), bovine 



serum albumin (BSA), methyl formate, soybean trypsin 
inhibitor (SBTI), ieupeptin, pepstatin, benzamidine, dithio- 
threitol (DTT), calmodulin, and VV7 were purchased from 
Sigma Chemical Co., Munich, Germany. Erythro-9-(2- 
hydroxy-3-nonyl)-adenine (EHNA) was provided by Dr. 
Podzuweit, Max Planck Institute of Experimental Cardiol- 
ogy, Bad Nauheim, Germany. 4-(3'-cydopentyloxy-4'-metho- 
xyphenyl)-2-pyrrolidone (rolipram) was kindly provided 
by Schering AG, Berlin, Germany; and 4. 5-dihydro-6- 
(4-[lH-imidazol-l-yl]-2-thienyl)-5-methyl-3-(2H)^pyridazi- 
none (motapizone) was from Rhone-Poulenc Rorer GmbH, 
Cologne, Germany. Enoximone was supplied by Dr. H. D. 
Gorlich, Marion Merrell Dow Pharmaceuticals, Berlin, Ger- 
many. 6- (difluorme thoxy-3-methoxyphenyO -3- (2H) -pyrid- 
azinone (zardaverine) was provided by Dr. Schudt, Byk 
Gulden GmbH. Konstanz. Germany. Vinpocetine, 8-meth- 
oxy-methyl-IBMX, trifluoperazine, and zaprinast were ob- 
tained from Calbiochem, Bad Soden, Germany, Tritiated 
cAMP and cGMP, IL-8 enzyme-linked immunosorbent as- 
say (ELISA). and the ,25 I-cAMP and ,25 I-cGMP assay sys- 
tems were from Amersham Buchler, Braunschweig, Ger- 
many. The 15-HETE assay system was purchased from 
Paesel and Lorei GmbH, Frankfurt, Germany; and C 18 col- 
umns (100-mg bed size) were from ICT, Bad Homburg, 
Germany. Retinoic add was provided by Biofluids Inc., 
Rockville. MD. QAE-Sephadex A-25 columns were from 
Bio-Rad, Richmond, CA. All other chemicals used were of 
analytical grade. 

Isolation and Culture of Porcine AEC 

Tracheae and central bronchi were obtained from freshly 
slaughtered pigs and kept on ice during transportation. 
Cells were isolated according to Wu and Smith, with minor 
modifications (15). Specimens were rinsed with ice-cold 
HBSS, filled with protease solution (Ml 99 containing 
0.1% protease XIV. 0.001% DNase. 200 U/ml penicillin, 
0.2 mg/ml streptomycin, and 10 u,g/ml amphotericin B) 
and incubated for 16 h at 4°C. The protease solution was 
removed, and the cells were harvested by gentle agitation, 
washed twice in serum containing medium, and res im- 
pended in DMEM/F12 supplemented with 1% FCS. 100 
U/ml penicillin, 0.1 mg/ml streptomycin, 5 |ig/mi ampho- 
tericin B, 0.1 mg/ml L-glutamine. 5 ng/ml BPE, 5 ng/ml 
EGF, 5 u.g/ml transferrin, 5 pg/ml insulin. 0.1 pg/ml retin- 
oic acid, and 20 ng/ml T3. The number of isolated cells was 
determined in a Neubauer chamber, and viability was as- 
sessed by trypan blue (0.4%) exclusion. About 10 6 viable 
cells/cm 2 were plated on collagen (10 tig/ml) -coated cul- 
ture dishes, well plates, or chamber slides. The AEC were 
grown in a 5% C0 2 atmosphere at 37°C and reached con- 
fluence in 7 to 10 d. Confluent primary cultures of porcine 
AEC were then used. 

Isolation and Culture of Human AEC 

Human tracheae and central bronchi were obtained from 
the Department of Pathology. University of Giessen. Prepa- 
rations originated from patients who had died of a nonpul- 
monary disease and who had not been intubated. Human 
AEC were isolated according to the protocol described 
above, with the exception that exposure to protease solu- 
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tion was extended to 20 h. Only primary cultures of conflu- 
ent AEC were used for the studies. 

Culture of BEAS-2B Cells 

A generous gift of Dr. Curtis Harris, National Institutes of 
Health, Bethesda, MD (16), BEAS-2B cells were grown 
on a matrix composed of 50 ng/ml fibronectin, 50 ng/ml 
vitronectin, and 0.01% BSA (fatty acid-free) in serum- 
free keratlnocyte medium containing 0.1 pgftnl retinoic 
acid, 5 jig/ml BPE, 5 ng/ml EGF, 0.5 p.g/ml epinephrine, 
0.1 mg/ml L-glutamine, 100 U/ml penicillin, 0.1 jigfrnl 
streptomycin, and 5 u.g/ml amphotericin B. Cells were in- 
cubated in a 5% C0 2 atmosphere at 37°C and reached 
confluence within 14 d. For cell passage, monolayers in 
T75 flasks were exposed to trypsln-ethylenediamenetet- 
raacetic acid solution (80 ngftnl trypsin) for 5 to 10 min at 
37°C. After addition of 8 ml serum-free keratinocyte me- 
dium, the cell suspension was centrifuged at 800 rpm at 
4°C for 5 min. Medium was removed and cell pellets were 
incubated in 200 u.1 SBTI solution (30 mg/ml) for 2 min. re- 
suspended in complete medium, and passaged with a 1:3 
split. 

A549 cells were cultured according to Kwon and col- 
leagues (17). 

Characterization of Isolated and Cultured AEC 
by Immunohistochemistry 

Isolated epithelial cells were characterized by morpho- 
logic and immunocytochemical criteria. AEC were grown 
on chamber slides and used for immunohistochemical ex- 
amination after 8 d in culture. Cells were washed, perme- 
abilized, and fixed with cold (-20°C) acetone/methanol 
(1:1). Preparations were then saturated with avidin-biotin 
blocking reagent and with PBS containing 0.1% horse serum 
to avoid nonspecific binding. Thereafter, slides were incu- 
bated with mouse anticytokeratin or mouse antivimentin 
antibody. After careful removal of excess primary anti- 
bodies, a biotinylated horse antimouse antibody was added, 
followed by alkaline phosphatase ABC solution. After vi- 
sualization with p-nitrophenylphosphate (2 mg/ml), slides 
were washed extensively, embedded, and photographed. 

Assay of PDE 

To determine PDE activity in AEC, cyclic nucleotide hy- 
drolyzing activities were determined in cell lysates as de- 
scribed previously (9). Medium of T75 flasks was removed 
and cells were scraped in HBSS and washed twice by cen- 
trifugafJon. Cell pellets were resuspended in 200 pi ice- 
cold homogenization buffer (PBS containing 10 mM Hepes, 
1 mM ethyleneglycol-6is-(P-aminoethyl ether] -/V, AP -tetra- 
acetic acid. 1 mM MgCl 2 . 5 mM DTT. 5 uM pepstatin, 10 
u,M leupeptin. 10 pM trypsin inhibitor, and 2 mM benza- 
midine) and disrupted by soniflcation (ten pulses, 1 s each, 
on ice at a power output of 60 W). Protein concentration was 
measured using a commercially available protein reagent 
(Bio-Rad, Munich, Germany), using BSA as the standard. 
Cell lysates were kept on ice and PDE assays were per- 
formed within 5 min. PDE activity was determined as pre- 
viously described (8, 9). A standard reaction mixture con- 
taining 60 mM Tris (pH 7.4), 5 mM MgCl 2 . 1.25 mM CaCl 2 . 
100 plM calmodulin, and 0.5 jjlM cyclic nucleotidelH-labeled 



cyclic nucleotide (about 30.000 counts per minute) was 
used In a total volume of 200 pi The reaction was initiated 
by addition of cell lysates (40 to 50 p.g protein) and carried 
out at 37°C for 15 min. The reaction was stopped by add- 
ing 50 p.1 0.2 N HC1 and immediate cooling on ice for 10 
min. Following incubation with 5 '-nucleotidase (C atrox 
snake venom, 50 p.1, 2 mg/ml in 400 mM Tris. pH 8.5) at 
37°C for 15 min. 200-pl aliquots of the assay volume were 
loaded on QAE-Sephadex A-25 columns (1-ml bed vol- 
ume). The columns were eluted with 2 ml 30 mM ammo- 
nium formate (pH 6.0) directly into scintillation vials. Re- 
sults were corrected for blanks using denatured protein. 

Determination of PDE Isoenzyme Activities 

With exception of PDE7. PDE isoenzyme activities in AEC 
lysates were determined by quantifying the inhibition of 
PDE activity in the presence of 1 urn motapizone (PDE3), 
10 jjlM rolipram (PDE4), 10 pM zaprinast (PDE5), 100 jjlM 
EHNA (PDE2), or 100 p,M vinpocetin or 8-methoxy- 
methyl-IBMX (PDE I). Overall PDE activity was blocked 
by 100 pM IBMX. The presence of PDE7 was suggested 
by demonstration of messenger RNA (mRNA) encoding 
for this PDE isoenzyme (see Reverse Transcription-Poly- 
merase Chain Reaction section, below, for details). Be- 
cause of the lack of a specific PDE7 inhibitor, the activity 
of this isoenzyme was calculated as the difference between 
PDE4-related and IBMX-insensitive cAMP-hydrolysis (see 
Table 1). 

Determination of Cellular Cyclic Nucleotides 
Cellular cyclic nucleotide content was measured by radio- 
immunoassays (RIAs) using commercially available ,25 I- 
assay systems as described (8. 9, 18. 19). Confluent epithe- 
lial cells in 24-well plates (about 600.000 cells/well) were 
incubated with specific PDE inhibitors in HBSS 15 min 
before and throughout the experimental period. Cells 
were then extracted twice with 500 pi ice-cold 6596 etha- 
nol. Extracts were pooled, evaporated under a stream of 
nitrogen by 56°C. and dissolved in assay buffer. Aliquots 
of the extracts and of the standards were acetylated by ad- 
dition of acetic anhydride and trie thy lamine (1:2) to en- 
hance the sensitivity of cyclic nucleotide detection. 

Determination of 15-HETE by Reversed-Phase 
High Pressure Liquid Chromatography 
(RP-HPLC) and *H RIA 

Eicosanoids were extracted from cell supernatants by oc- 
tadecylsiiyl (ODS) solid-phase extraction columns (Bond 
Elute LRC solid phase Cj 8 cartridges, 100 mg sorbent). 
Cartridges were conditioned with 10 ml 100% methanol, 
10 ml methanol/water/acetic acid (72.6727.3/0.1 vol/vol/vol. 
pH 5.1), and 10 ml distilled water. Samples were then ap- 
plied to the cartridges, washed with 10 ml distilled water, 
and eluted with 600 p.1 of methanol followed by 2x 600 mJ 
of formic acid methyl ester. Eluates were vacuum-evapo- 
rated and re dissolved in 30 pJ 100% methanol. The RP- 
HPLC was carried out on ODS columns (250 x 2 mm; Hy- 
persil ODS 3- urn particles) at a constant flow of 200 u.1/ 
min (Gynkotek pump, model 480) using methanol/water/ 
acetic add (72.6/27.3/0.1 vol/vol/vol, pH 5.1) as mobile 
phase. Online detection and quantification of the eluted 
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TABLE 1 

Cyclic nucleotide hydrolysis* byAEC 

Porcine AEC BEAS-2B Human AEC 





cAMP 


cGMP 


cAMP 


cGMP 


cAMP 


cGMP 


Total hydrolysis 


1.81 ± 0.16 


3.04 ± 0.57 


9.31 ± 0.60 


6.78 ± 0.90 


0.90 ± 0.04 


0.58 ± 0.04 


Controls* 


0.51 £ 0.08 


1.11 ±0.20 


0.91 ± 0.03 


1.00 ±0.14 


0.25 ± 0.09 


0.00 ± 0.03 


Rolipram. 10 pM* 


0.77 Z 0.17 


(-) 


2.62 £ 0.53 


(-) 


0.58 ± 0.03 


(-) 


Zaprinast 10 uM 5 


(-)' 


1.03 ±0.14 


(-) 


1.09 ± 0.05 


(-) 


0.10 ± 0.06 


PDE7.related** 


0.23 ±0.11 


(-) 


1.79 ±0.49 


<-) 


0.32 ± 0.08 


(-) 


Total hydrolysis" 


(-) 


<-) 


(-) 


(-) 


(-) 


0.62 ±0.12 


Vinpocetine. 100 uM n 


(-) 


(-) 


(-) 


<-) 


(-) 


0.41 ± 0.04 



The cyclic nucleotide hydrolysis In hysates of AEC in the absence and presence of PDE Isoenzyme-spedfic inhibitors is shown. Inhibition of PDE2 and PDE3 was 
without effect on cyclic nucleotide hydrolysis in all cell types studied (data not shown) . 

* nmol X min" 1 X mg protein -1 . 

f Controls indicate PDE-independent cyclic nucleotide hydrolysis In the presence of 100 uM IBMX. 
1 Inhibition of PDE4 by rolipram resulted in decreased hydrolysis in all cell types studied. 

* Inhibition of PDE5 by zaprinast resulted in decreased hydrolysis in aO cell types studied. 

1 (-) indicates that values are not significantly different from total cyclic nucleotide hydrolysis. 

•* PDE7 -related activity is calculated as the difference in cAMP hydrolysis between IBMX- and rollpram-treated samples. 

Tt Total cyclic nucleotide hydrolysis in human AEC in the presence of 1.25 mM CaCl, and 100 uM calmodulin. 

M Inhibition of PDE1 activity (in the presence of 1.25 mM CaCl 2 and 100 uM calmodulin) by vinpocetine reduced cGMP hydrolysis. 



compounds was carried out using a UVIS VARIO 2 pho- 
tometer/Spectra Physics integrator at 237 nm, with com- 
mercially available 15-HETE as standard reagent The re- 
covery determined under the conditions outlined above 
using different quantities of 15-HETE was 72 ± 3% (n = 
10). Additionally, 15-HETE synthesis was measured using 
a commercially available 3 H-RIA system. Supernatants of 
stimulated and control AEC were extracted as described 
for the RP-HPLC procedure. Samples were resolved in 
RIA buffer and assayed according to the manufacturer's 
instructions. All 15-HETE data obtained were corrected 
for their respective recovery of the overall analytical pro- 
cedure and are expressed as nanograms of 15-HETE per 
10 6 AEC. 

Determination of PGE 2 

PGE 2 in AEC supernatants was examined using an avi- 
din-biotin-HRP-based ELISA system as described (20). 
Conjugates of PGE 2 with BSA were prepared by carbodi- 



imide coupling and were then separated from uncoupled 
prostanoid and free BSA by gel filtration on a Pharmacia 
G20 column. ELISA plates were coated with 200 \i\ of di- 
luted PGE 2 conjugate solution (1 jtl/ml in 46 mM Na 2 C(V 
NaHC0 3 . pH 9.6) and incubated overnight at 4°C. After 
washing, a 100-pJ sample volume was applied to each well, 
followed by 100 p.1 anti-PGE 2 -antibody solution (5 u-g/ml 
in PBS containing 2% BSA) for 16 h. ELISA was com- 
pleted by adding biotinylated antimouse antibodies and 
biotin-HRP as described (20). Results are expressed as 
nanograms of PGE 2 per 10 6 AEC. 

IL-8 ELISA 

IL-8 determination was performed using a commercially 
available IL-8 ELISA system (Amersham). Aliquots (100 
p.1) of supernatant of resting and TNF-a-stimulated cells 
were applied to a 96-well plate, and the ELISA was per- 
formed according to the manufacturer's instructions. Re- 
sults are expressed as nanograms of IL-8 per 10 6 AEC. 



TABLE 2 

Primers and conditions used in RT-PCR experiments 

Product Annealing 
Sizes Temperature 



Gene Product 


Deoxyoligo nucleotide Sequences 


(** 


{*Cfor60s) 


Cycles 


References 


PDE4A5 


Forward 5'- ACC A AT GTG CCC GIT CCC AGT-3' 
Reverse 5'-GCC TCC AGC GTA ATC CGA CA-3' 


570 


65° 


32 


13 


PDE4B2 


Forward 5'-AGC GCA CCC TCA CCT ATT AAA-3' 
Reverse 5'-CAC TCC TGG CTT ACA CTT GTA-3' 


364 


62° 


33 


13 


PDE4C1 


Forward 5 -CGA GTT GCC TC A CAC TGA ACT-3' 
Reverse 5'AGA AAG ACA CCA GGG CAT CGT-3' 


336 


68* 


32 


13 


PDE4D1 


Forward 5'-TAT GGC ACG ATG GCC CCC TT-3' 
Reverse 5' -CGC TTA CCA CAC AAC TCT CTC-3' 


530 


65° 


34 


13 


PDE4D2 


Forward 5 -AGC ATG GCG GGA GGA GCC CTA-3' 
Reverse 5' -CCC TTA CCA CAC AAC TCT CTC-3' 


456 


68° 


32 


Unpublished data 


PDE4D3 


Forward 5'-GCA AGA TCG AGC ACC TAG CAA-3' 
Reverse 5' CCC TTA CCA C AC AAC TCT GTC-3' 


516 


68° 


30 


Unpublished data 


PDE7A1 


Forward 5'GGA CCT GGG AAT TAA GCA ACC-3' 


286 


59* 


25 


13 



Reverse 5'-TCC TCA CTC CTC CAC TGT TCT-3' 
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2.5i 



porcine AEC 



Figure 1. PDE isoenzymes in 
AEC of different origins. The 
PDE isoenzyme patterns in 
porcine AEC (top), BEAS- 
2B (middle), and human 
AEC (bottom) are shown. 
All cell types express activi- 
ties of PDE4. PDE5. and 
PDE7. Primary cultures of 
human AEC additionally pos- 
sess the caldurn/calmod un- 
stimulated PDE1. PDE7 ac- 
tivity was calculated as the 
difference in cAMP hydroly- 
sis between IBMX- and ro- 
lip ram-treated samples as de- 
scribed in MATERIALS AND 
Methods. Data are given as 
means ± SEM of at least five 
independent experiments. 




2 3 4 5 7 

PDE isoenzyme inhibited 



Reverse Transcription-Polyra erase Chain Reaction 

Total RNA was extracted from approximately 1 x 10 7 
AEC as described by Chomczynski and Sacchi (21). One 
microgram of RNA was reverse-transcribed into comple- 
mentary DNA (cDNA) using AMV reverse transcriptase 
according to the manufacturer's instructions (Promega, 
Heidelberg, Germany). The reverse transcription (RT)« 
generated cDNA encoding PDE4 and PDE7 genes was 
amplified by polymerase chain reaction (PCR) using spe- 
cific primers designed from die reported primary se- 



quences deposited with the Genbank data base (6). The 
primers used for PDE amplification, cycle numbers, an- 
nealing temperatures, and expected product sizes appear 
in Table 2. The amplification was performed with 0.5 U 
Taq-polymerase (InViTek, Berlin, Germany) in a Hybaid 
thermal cycler (MWG, Ebersberg, Germany). RT-PCR of 
the glyceraldehyde-3-phosphate dehydrogenase gene was 
routinely performed to confirm the integrity of epithelial 
cell RNA and equal loading of sample. 

The PCR products were size-fractionated on 1.5% aga- 
rose gels, stained with ethidium bromide, and visualized 
under ultraviolet light before Southern blotting to nylon 
membranes. The blots were hybridized with the cloned 
and sequenced cDNA for human PDE7 to confirm iden- 
tity with the PCR product (6. 14). To control for possible 
genomic contamination, RNA was processed in parallel 
with the reverse-transcribed sample in the absence of re- 
verse transcriptase. In addition, water blanks were sub- 
jected to PCR in parallel with test samples. None of these 
controls produced a detectable band on ethidium bro- 
mide-stained agarose gels or after Southern hybridization. 

PDE7A1 PCR products were cloned into the pGEM- 
T- Vector (Promega) and sequenced using the Sequenase 
2.0-system (Amersham). Six clones of the porcine cDNA 
were compared with the human sequence. 

Statistical Methods 

A one-way analysis of variance was used for data in Fig- 
ures 1, 6, 7, and 8 and Table 1. Main effects were then 
compared by an F probability test. P < 0.05 was consid- 
ered significant (22). 

Results 

Cell Characterization 

Three bronchial epithelial cell types were used for the 
identification of the PDE enzyme pattern. Besides the well- 



TABLE 3 

Sequence of the cDNA fragment and homology of the RT-PCR products 



i I 



HUMAN-> 


1 H 


GGACGTGG 


GAATTAAGCA AGCAGTGGAG 


PORCINE-> 










HUMAN-> 


TCAAAAACTA 


ACGGAGGAAT 


TCTTCCATCA 


AGGAGATATA 


PORCINE-> 










HUMAN-> 


GAAAAAAAAT 


ATCATTTGCC 


TCTCACTCCA 


CTTTGCGATC 


PORCINE-> 


G 


A 


C 


T 


HUMAN-> 


CTCACACTGA 


ATCTATTGCC 


AACATCCAGA 


TTGGTTTTAT 


PORCINE-> 


G 








HUMAN-> 


CACTTACCTA 


GTGGAGCCTT 


TATTTACAGA 


ATGGGCCAGG 


PORCINE.> 


G 


C 


C 


G 


HUMAN- > 


TTTTCCAATA 


CAACGCTATC 


CCAGACAATG 


CTTGGACACC 


PORCINE-> 


T 


C 


G 




HUMAN-> 


TGGGGCTGAA 


TAAAGCCAGC 


TGGAAGGGAC 


TGCAGAGAGA 


PORCINE-> 








C 


HUMAN-> 


ACAGTCGAGC 


AGTGAGGA 


— 1 


1 


PORCINE.> 








T 






T 

1438 




3379 



The sequence of the cDNA fragment derived from the published sequence of the PDE7 gene (6) and the differences in the sequence of the cloned porcine-derived 
RT-PCR fragment are shown. Primers used for RT-PCR were designed according to the underlined parts of the human sequence. 
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human 




506 bp — 
344 bp — 
220 bp — 



— 285 bp 



Figure 2 Expression of PDE7 mRNA In human AEC. An ethid- 
ium bromide-stained agarose gel of the RT-PCR products de- 
rived from human mRNA is shown In the presence of reverse 
transcriptase, both the extracted RNA of human AEC {lane f) 
and human lung (lane 4, positive control) show a single band with 
the appropriate size (285 bp). In the absence of reverse tran- 
scriptase (lane % or RNA (lane 3). no RT-PCR products were 
synthesized. 



A549 BEAS-2B P ° fC H,0* Um ' 
, BCM ~ D AEC f lung 

1 2 3 4 S B 7 8 



RT + 



+ - 



+ + 



Figure J. Expression of PDE7 mRNA in airway epithelial cells. 
Shown is the Southern analysis of cDNA of A549 cells derived by 
RT-PCR. BEAS-2B. porcine AEC (one of four samples ana- 
lyzed), and human lung (lane 8, positive control). The cDNA 
fragments of all cell types studied hybridized with the cloned and 
sequenced cDNA for human PDE7 (lanes I 5. and fl. In the ab- 
sence of reverse transcriptase (RT. lanes 2, 4, and 6) or RNA 
(lane 7) no PCR products were synthesized, indicating specific 
amplification of the 285-bp fragment corresponding to PDE7. 



established SV-40/adenovirus-transformed human bron- 
chial epithelial cell line BEAS-2B, we studied confluent 
primary cultures of AEC of porcine and human origin. 
The purity of the cells used was > 97%. as indicated by 
morphologic and immunocytochemlcal criteria. These cells 
were cytokeratin-positive and vimentin-negative. Porcine 
cultured pulmonary artery endothelial cells (8. 9, 18. 23) 
were used as vimen tin- positive controls. The major cycl ©ox- 
ygenase and lipoxygenase products in porcine AEC stud- 
ied were PGE 2 and 15-HETE (24) . 

PDE Isoenzyme Activities in AEC 

All three cell types studied hydrolyzed both cyclic nucle- 
otides with different efficiencies (Table 1). BE AS-2B dis- 
played the highest total cAMP- and cGMP-metabolizing 
capacities, followed by porcine and human AEC. Alloste- 
ric regulators, specific inhibitors, and mRNA analysis were 
applied to study the PDE isoenzyme pattern in lysates of 
AEC. cAMP hydrolysis was reduced by 50 to 80% in the 
presence of the specific PDE4-inhibltor rolipram, whereas 
other specific inhibitors had no effect (Table 1, Figure 1), 
suggesting that PDE4 is the major cAMP-degrading en- 



TABLE 4 

Homology of the cloned and sequenced RT-PCR products 
to the published sequence of the PDE7 gene 



Grade of Homology [%) 


Cell Type 


cDNA Sequence 


Amino Add Sequence 


BEAS-2B 


100 


100 


Human AEC 


100 


100 


Porcine AEC 


93.4 


97.5 



The grade of homology of the cloned RT-PCR products derived from 
BEAS-2B and human and porcine AEC to the published sequence of the PDE7 
gene Is shown. Identity with the human sequence (6) was shown for the frag- 
ments derived from BEAS-2B cells and human AEC. Porcine clones shared 
high homology compared with the human cDNA sequence. The amino add se- 
quence was evaluated from the cDNA 



zyme in AEC. The remaining cAMP hydrolysis might be 
attributable to PDE7. which by definition is a rolipram- 
insensitive, cAMP-hydrolyzing enzyme (6, 7). Selective in- 
hibitors for PDE7 are unknown and no specific antibodies 
were available to us to confirm this notion. We therefore 
evaluated the presence of mRNA for PDE7 expressed in 
AEC by RT-PCR using primers designed to recognize a 



PDE4A5 PDE4B2 PDE4C1 

Lane ABCDE ABCDE ABODE 



2016 
1636 

1018 

506 
396 
344 
298 



SB 


— 


•111 : 










: " *' . < 



P0E4D1 PDE4D2 PDE4D3 

Lane ABCOE ABCOE ABCDE 




Figure 4. Expression of PDE4 mRNA of AEC. An ethldium bro- 
mide-stained agarose gel of the RT-PCR products derived from 
mRNA of primary cultured human AEC (lane A) t A549 cells 
(lane £), BEAS-2B cells (lane Q. and human lung (lane D) b 
shown. Human AEC expressed PDE4 variants 4A5, 4C1. 4D2. 
and 4D3. In the absence of reverse transcriptase (lane £) . no RT- 
PCR products were synthesized. Human lung tissue expressed ail 
PDE4 isoenzymes studies (lane D) . 
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unique sequence in the human gene (Tables 2 and 3). Fig- 
ure 2 shows an ethidium bromide-stained agarose gel of a 
representative experiment demonstrating amplified cDNA 
fragments derived from human AEC corresponding to the 
predicted size of human PDE7 (285 base pairs [bp], Table 
3). This was subsequently confirmed by cloning of the 
PCR products of all three airway epithelial cell types stud- 
ied into pGEM-T-Vector, followed by double-stranded se- 
quencing (100 and 93.496 homology for human and por- 
cine AEC, respectively; Table 4). Southern blot analysis of 
the PCR products derived from BEAS-2B and porcine 
AEC with the human PDE7-cDNA probe also confirmed 
the presence of PDE7 in these cells (Figure 3), In these 
studies, RT-PCR products of mRNA extracted from A549 
and human lung tissue were used as positive controls (Fig- 
ure 3). 

PCR analysis of human AEC indicated the expression 
of mRNA encoding for the PDE4 variants 4A5, 4C1. 4D2. 
and 4D3 (Figure 4). mRNA extracted from human lung 
tissue, A549 cells, and BEAS-2B cells served as controls. 
Primers used for amplification of PDE4 cDNA fragments 
and their corresponding PCR products were cloned and 
sequenced as previously described (14) . 

In the presence of the specific PDE5-inhibitor zapri- 
nast, cGMP hydrolysis was inhibited by 80 to 100% (Table 
1, Figure 1) whereas inhibitors of PDE2 and PDE3 (EHNA 
and motapizone) had no effect (Figure 1), suggesting that 
PDE5 is the major cGMP-degrading enzyme in AEC. 

The addition of vinpocetine or 8-methoxy-methyl- 
IBMX to lysates of BEAS-2B and porcine AEC (in the 
presence of calmodulin and Ca 2+ ) did not inhibit cGMP 
hydrolysis, indicating that PDE1 does not play a dominant 
role in cyclic nucleotide degradation in these cells (Table 
I. Figure 1). In primary cultures of human AEC. however, 
vinpocetine was effective and reduced cGMP hydrolysis 
by approximately 20%, thereby suggesting the presence of 
aPDEl (Table 1. Figure 1). 
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Figure 5. Concentration-dependent Increase of cyclic nucleotides 
in porcine AEC. The accumulation of cAMP {open squares, 
right} and cC MP (filled squares. left) in the presence of increasing 
concentrations of zaprinast and rolipram is shown. Both inhibi- 
tors concentration-dependently increased cGMP or cAMP with 
ICjo values of 1 or 0.34 |iM. respectively. Data are given as means 
± SEM of four to seven Independent experiments. 



Cyclic Nucleotide Content in Intact AEC 
PDE isoenzyme activities in cell lysates were correlated 
with cyclic nucleotide levels in intact cells. Increasing con- 
centrations of rolipram induced a concentration-depen- 
dent accumulation of cAMP in intact porcine AEC stimu- 
lated with 1 jjlM forskolin with an ICjq of 0.34 pM (Figure 
5). Similarly, zaprinast induced a concentration-dependent 
accumulation of intracellular cGMP in intact AEC stimu- 
lated with SNP (IC50 = 1 uJVl) (Figure 5). Both inhibitors 
were used at 10 uM for subsequent studies. 

Forskolin-stimulated porcine AEC and BEAS-2B cells 
showed a substantial cAMP accumulation in the presence 
of rolipram. Suppression of all other PDE isoenzymes did 
not enhance cAMP concentration, indicating that PDE4 is 



BEAS-2B 



porcine AEC 





140i 




UN12345 UN12345 

PDE isoenyme inhibited 

Figure 6. Cyclic nucleotide content in BEAS-2B and porcine 
AEC. The stimulated increases of cGMP (10 \iM SNP) and 
cAMP (1 u.M forskolin) in Intact cells In the presence or absence 
(N) of PDE lsoenzyme-speciflc inhibitors are shown. In BEAS- 
2B (top left) and porcine AEC (top right) , cGMP levels increased 
significantly In the presence of the PDE5 inhibitor zaprinast only, 
whereas inhibition of all other PDE isoenzymes was without ef- 
fect. As to cAMP. only inhibition of PDE4 with rolipram resulted 
in a significant accumulation of this cyclic nucleotide In BEAS-2B 
(bottom left) and porcine AEC (bottom right). Basal levels of 
cAMP and cGMP are shown as unfilled bars (U). Data represent 
means ± SEM of eight to 11 Independent experiments. 
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the major cAMP-degrading enzyme in AEC (Figure 6). 
Because of the lack of specific inhibitors, it is currently not 
possible to assess the contributions made by PDE7 to 
overall cAMP metabolism in intact cells. 

With respect to cGMP hydrolysis, BEAS-2B and por- 
cine AEC were stimulated with SNP. cGMP concentrations 
increased in presence of zaprinast (Figure 6) only, indicat- 
ing the predominant role of PDE5 for cGMP metabolism. 
Data for human AEC were very similar, with the excep- 
tion that cGMP also increased in the presence of a PDE1 
inhibitor (Figure 7). Overall, these cyclic nucleotide results 
in intact AEC are consistent with the PDE isoenzyme pat- 
tern determined in cell lysates. 

Effect of Cyclic Nucleotide Levels on the Generation 
of PGE 2 , 15-HETE, and IL-8 in AEC 

To correlate AEC function with cyclic nucleotide levels, 
we focused on the ability of epithelial cells to generate 
PGE 2 , 15-HETE, and IL-8 (Figures 8 and 9). A 7-fold in- 
crease in PGE 2 formation was noted after exposure of por- 
cine AEC to 50 iaM arachidonic acid/10 jaM A23187 (AA/ 
A23) for 30 min (Figure 8, bottom). When cAMP was ele- 
vated first in AEC with forskolin/rolipram. there was a 
4-fold increase in the effectiveness of the stimulus, result- 
ing in an overall 28-fold increase in PGE 2 synthesis above 
baseline. Interestingly, preincubation of AEC with SNP/ 
zaprinast to increase maximally cGMP content reduced 
the effectiveness of the stimulus for PGE 2 production by 
40% (Figure 8, bottom). Forskolin and rolipram are highly 
specific reagents; on the other hand, SNP and zaprinast in 
high concentrations may have effects unrelated to increased 
cGMP levels. 

15-HETE formation in porcine AEC was increased 
7-fold within 10 min by AA/A23 (Figure 8, top). Maneuvers 
taken to elevate cyclic nucleotide levels did not modify the 



stimulated synthesis of this lipoxygenase product In control 
experiments we verified that the stimuli themselves (AA/ 
A23) did not increase cyclic nucleotides in epithelial cells 
(data not shown). 

Stimulation of BEAS-2B cells with 10 ng/ml TNF-ot for 
8 h increased IL-8 synthesis 9-fold (Figure 9). When cAMP 
or cGMP levels were increased first, TNF-a-induced IL-8 
formation remained unchanged, suggesting that under the 
experimental conditions used, this epithelial cell mediator 
is not regulated by increased cyclic nucleotides. 



Discussion 

Three bronchial epithelial cell types were used for the iden- 
tification of the PDE enzyme pattern. Besides the well- 
established human bronchial epithelial cell line BEAS-2B, 
emphasis was placed on the analysis of confluent primary 
cultures of AEC derived from human and porcine tissue 
(15). Morphologic and immunocytochemical criteria were 
applied to identify cells and to verify purity of the cultures. 
All epithelial cells were cytokeratin-positive and vimentin- 
negative; in the same set cultured pulmonary artery en- 
dothelial cells were used as vimentin-positive and cyto- 
keratin-negatJve controls. The major cyclooxygenase and 
lipoxygenase products of epithelial cells were PGE 2 and 
15-HETE; this arachidonic acid metabolite profile is simi- 
lar to that described for human, bovine, and canine bron- 
chial epithelial cells (3, 24-27) . 

Using a combination of biochemical, pharmacologic, 
and molecular techniques, we have demonstrated that 
primary cultures of human AEC express PDE1, PDE4, 
PDE5, and PDE7. We confirmed these observations also 
for primary cultures of porcine AEC and for the cell line 
BEAS-2B, both of which contained PDE isoenzymes 4, 5, 
and 7. Interestingly, these cells did not express PDE1, 



10 mM SNP 
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Figure 7. Cyclic nucleotide con- 
tent in human AEC. Stimulated 
increases of cAMP (1 \xM forsko- 
lin) and cGMP (10 pM SNP) in 
intact cells in the presence or ab- 
sence (N) of PDE Isoenzyme-spe- 
ciflc inhibitors are shown. cAMP 
levels (left) increased significantly 
in the presence of rolipram. Inhi- 
bition of PDE5 (zaprinast) and 
PDE1 (vinpocetine or 8-methoxy- 
methyl-IBMX) resulted in a sig- 
nificant accumulation of cGMP 
{right). Basal levels of cAMP and 
cGMP are shown as unfilled bars 
(U). • Data represent means ± 
SEM of three independent experi- 
ments. 
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Figures. Effect of elevated cyclic nucleotides on AA/A23-induced 
generation of PGE 2 and 15-HETE. In porcine AEC. Stimulation 
of 15-HETE and PGE2 generation of porcine AEC was accom- 
plished by exposure of cells to AA/A23 for 30 mia Two experimen- 
tal sets of cells were pretreated with reagents prior to stimulation to 
Increase cyclic nucleotides. cAMP was elevated by exposure of 
AEC to 1 pM farskolln/10 u.M rolipram (F/R), and cGMP by ex- 
posure to 10 jtM SNP/10 \M. zaprinast (S/Z) for 10 mln. Data in- 
dicate that AA/A23-stimulated PGE 2 -synthesis was significantly 
enhanced in AEC with elevated cAMP levels and reduced in 
AEC with elevated cGMP levels. Stimulated 15-HETE forma- 
tion in AEC was not influenced by enhanced cyclic nucleotides. 
Data appear as means ± SEM of four to seven independent de- 
terminations. 



which may be due to species differences or to special cir- 
cumstances introduced by virus transformation. Similar 
data for primary cultures of human AEC and for the alve- 
olar epithelial cell line A549 were reported in abstract 
form by Rabe and colleagues (28) and Robichaud and as- 
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Figure 9. Effect of elevated cyclic nucleotides on TNF- Induced 
generation of IL-8 in BEAS-2B cells. IL-8 synthesis was stimu- 
lated in BEAS-2B cells by 10 ng/ml TNF-a for 8 h. Two experi- 
mental sets of cells were pretreated with reagents prior to stimu- 
lation to increase cyclic nucleotides. cAMP was elevated by 
exposure of AEC to 1 u*M forskolin/10 \tM rolipram (F/R), and 
cGMP by exposure to 10 *lM SNP/10 u.M zaprinast (S/Z) for 10 
mln. Data Indicate that TNF-stimulated IL-8 synthesis remained 
unchanged even in the presence of enhanced cyclic nucleotide 
levels in AEC. Data appear as means ± SEM of four indepen- 
dent determinations. 



sociates (29). although no information was provided with 
repect to PDE7 and PDE4 variants. We applied RT-PCR 
using primers specific for the four PDE4 genes and de- 
tected PCR products that correspond to PDE4A5, 4C1, 
4D1, 4D2, and 4D3. Rousseau and coworkers (30) used 
biochemical and pharmacologic methods to identify PDE 
isoenzymes in bovine tracheal epithelial cells. In that study 
only one broad peak of activity was resolved by diethyl- 
aminoethyl anion exchange chromatography; that peak was 
characterized using isoenzyme-selective inhibitors and al- 
losteric effectors. The authors reported high activities of 
PDE1 in their study (30). As to PDEl. species differences 
appear to prevail because this isoenzyme is present in hu- 
man and bovine but not in porcine AEC. 

The absence of PDE3 in AEC contrasts with data pub- 
lished by Kelley and associates, who described the func- 
tional effects of PDE3 inhibitors on chloride fluxes in 
Calu-3. 16HBE, and transformed nasal polyp cells (31. 32). 
However, in that study no direct evidence for PDE3 was 
provided. Because these authors focused on specialized 
epithelial cell mutants with different degrees of cystic fi- 
brosis transmembrane conductance regulator activities, 
their data with respect to PDE3 probably cannot be gener- 
alized. Using in situ hybridization, Reinhardt and cowork- 
ers (33) studied PDE3B expression during embryonic and 
postnatal development Although PDE3B mRNA was 
demonstrated in rat bronchial epithelial cells, this enzyme 
was not documented at the protein level. Thus, like PDEl, 
species differences also appear to exist for PDE3. 

Considering all this data together, it appears that in 
AEC PDE4 (4A5, 4C1, 4Di. 4D2, and 4D3) is the major 
cAMP-degrading pathway, whereas PDE5 is primarily re- 
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sponsible for the metabolism of cGMP. Regarding primary 
cultures of human AEC, PDE1 accounts for at least 20% 
of the total cGMP hydrolysis, and PDE5 the remainder. 

In addition to the large amount of rolipram-sensitive 
cAMP hydrolysis (PDE4), there was also consistently a 
substantial fraction of rolipram-insensitive cAMP degra- 
dation (25 to 40% of total cAMP hydrolysis), suggesting 
the presence of a PDE7 which, by definition, is a high-af- 
finity. cAMP-specific, rolipram-insensitive PDE (5-7). Be- 
cause of the lack of selective inhibitors, it is not possible to 
attribute unequivocally the rolipram-resistant cAMP-PDE 
activity to PDE7. Moreover, PDE7 activity will probably 
be underestimated because IB MX does not block all PDE7 
activity (34) and because high concentrations of rolipram 
can— despite definition— reduce PDE7 by about 20% (6). 
Compelling evidence, however, to support the expression 
of PDE7 was provided by the unambiguous identification 
of PDE7 mRNA in AEC. To our knowledge this is the 
first demonstration of PDE7 in AEC. 

Homogenates derived from human airways displayed 
activities for PDE1 to PDE5, with highest activities for 
PDE4 and PDE5. whereas PDE7 was not analyzed (13. 
35). Previous studies using human airway smooth-muscle 
strips also revealed the presence of all PDE isoenzymes 
(36). The fact that AEC lack PDE2 and PDE3 suggests 
that airway smooth-muscle cells substantially contribute to 
the PDE isoenzyme pattern of airway homogenates. How- 
ever, additional studies are required for an exact mapping 
of PDE isoenzymes in specific cell types of the airways. 

On the basis of the PDE isoenzyme pattern analyzed, 
we tried to correlate AEC function with cyclic nucleotide 
levels and focused on the generation of PGE 2 . 15-HETE. 
and IL-8. AA/A23 increased PGE 2 synthesis 7-fold in 
AEC. When cAMP was elevated first in AEC with forsko- 
lin/rolipram, there was a 4-fold increase in the effective- 
ness of the stimulus resulting in an overall 28-fold increase 
in PGE 2 synthesis above baseline and suggesting that 
PDE4 inhibition may enhance the anti-inflammatory and 
antiobstructive effects of endogenous PGE 2 . Interestingly, 
increased cGMP levels reduced the effectiveness of the 
stimulus for PGE 2 production. Interpretation of these data 
in terms of airway physiology is complex. One possible ex- 
planation relates to the prevention of an unopposed bron- 
chodilatation by simultaneous action of cGMP- and cAMP- 
dependent mechanisms. If increased cGMP levels decrease 
PGE 2 with a subsequent decrease in cAMP, this mechanism 
will substitute for a cGMP-stimulated, cAMP-degrading 
activity (37). This imitation of a PDE2-like activity would 
allow crosstalk between the two cyclic nucleotide species 
and compensate for the absence of a PDE2 in AEC. 

Next we studied the interrelationship between cyclic 
nucleotides and the major epithelial cell lipoxygenase 
product 15-HETE. The AA/A23-related synthesis of 15- 
HETE was unaffected in SNP/zaprinast- or forskolin/rolip- 
ram-p retreated AEC. suggesting that increased nucleotides 
act on the cyclooxygenase but not on the lipoxygenase path- 
way in AEC. 

IL-8 is an important proinflammatory cytokine that is 
released from AEC during airway inflammation upon ex- 
posure to TNF-a, IL-10, and neutrophil elastase (4. 17, 
38-40). Elevated cyclic nucleotide levels are known to 



downregulate the expression of cytokines (40-42). so we 
tested this hypothesis in BEAS-2B cells. However, under 
the experimental conditions used, TNF-a-induced IL-8 
generation was unaffected by SNP/zaprinast or forskolin/ 
rolipram pretreatment. Similar data were reported for hu- 
man mesangial cells which, upon stimulation with IL-10. 
secreted less IL-6 but undiminished amounts of IL-8 (39. 
41). The regulation of IL-8 production in different airway 
epithelial cell types may vary. For example, Levine and 
colleagues could not demonstrate an IL-8 reduction in dexa- 
methasone-pretreated, TNF-a-stimulated BEAS-2B cells 
(40). whereas corticosteroids were active in TNF-a-acti- 
vated A549 and primary human epithelial cells (17). It is 
clear that several stimuli and AEC types must be studied 
to resolve the relationship between cyclic nucleotides and 
epithelial cell cytokine secretion. 

An appreciation of the PDE isoenzyme pattern in AEC 
is of obvious importance for the design of new therapeutic 
strategies. For example, all pulmonary and inflammatory 
cell types studied possess a PDE4, and therefore PDE4 in- 
hibition will result in a broad cAMP accumulation and ex- 
ert a generalized anti-inflammatory and bronchodilative 
effect. As for cGMP. it may be of interest that inhibition of 
PDE5 would affect AEC and airway smooth-muscle cells 
but not pulmonary endothelial cells because their cGMP 
degradation is governed by PDE2 (8. 9. 18). Differences in 
the PDE isoenzyme spectrum among pulmonary cell types 
therefore will allow a better targeting of cyclic nucleotide- 
based therapies. 

The interpretation of our study is limited for several 
reasons: (/) The data show differences between the differ- 
ent types of AEC examined (porcine cells, human cells, 
BEAS-2B cell line). Primary cultures of human AEC are 
the cell type of major interest and therefore these cells 
were included in the present study. (2) Human airway epi- 
thelial cells were grown submerged in the medium; it is 
well known that this can affect cell differentiation. The rel- 
evance of our in vitro findings to airway epithelium in vivo 
therefore remains to be established. Growth of AEC at 
conditions of liquid-air interphase for prolonged time pe- 
riods will probably result in a better model of airway epi- 
thelium. (3) An airway epithelial cell line and primary cul- 
tures of large airway epithelium were used. For an exact 
analysis of airway epithelial cell dysfunction in clinical dis- 
orders, it would be desirable to study the contributions 
made by epithelial cells of small airways of human origin. 
Isolation and culture of these cells, however, is difficult, 
and therefore the applicability of the data presented to hu- 
man airway disease is not clear. 

In summary, human AEC express PDE isoenzymes 1, 4 
(variants 4A5, 4C1. 4D1, 4D2. and 4D3), 5. and 7, whereas 
BEAS-2B cells and porcine AEC show similar profiles but 
lack PDE1. Enhanced cAMP levels substantially increased 
and enhanced cGMP level reduced epithelial PGE 2 gener- 
ation, whereas IL-8 and 1 5-HETE synthesis were not af- 
fected. Currently available therapies for inflammatory air- 
way disease are nonspecific and not free of side effects. 
We suggest that cyclic nucleo tide-based treatments that 
rely on differences in the PDE-isoenzyme spectrum 
among pulmonary cell types could increase selectivity and 
reduce the side-effect profile of existing therapies. The 
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identification of the PDE-isoenzyme pattern in AEC may 
contribute to this aim. 
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chaud, Ian M. Adcock, and Peter J. Barnes. Phosphodies- 
terase expression in human epithelial cells. Am. J. Physiol 
275 (Lung Cell Mol Physiol 19): L694-L700, 1998 — 
Epithelial cells play a critical role in airway inflammation 
and have the capacity to produce many inflammatory media- 
tors, including bioactive lipids and proinflammatory cyto- 
kines. Intracellular levels of cAMP and cGMP are Important 
in the control of inflammatory cell function. These cyclic 
nucleotides are Inactivated via a family of phosphodiesterase 
(PDE) enzymes, providing a possible site for drug interven- 
tion in chronic inflammatory conditions. We studied the 
expression of PDE activity in an epithelial cell line (A549) and 
in primary human airway epithelial cells (HAECs). We 
measured PDE function using specific inhibitors to identify 
the PDE families present and used RT-PCR to elucidate the 
expression of PDE isogenes. Both A549 cells and HAECs 
predominantly expressed PDE4 activity, with lesser PDE1, 
PDE3, and PDE5 activity. RT-PCR identified HSPDE4A5 and 
HSPDE4D3 together with HSPDE7. Inhibition of PDE4 and 
PDE3 reduced secretion by these cells. Epithelial PDE may 
be an important target for PDE4 inhibitors in the develop- 
ment of the control of asthmatic inflammation, particularly 
when delivered via the inhaled route. 

phosphodiesterase type 3; phosphodiesterase type 4: inflam- 
mation; granulocyte-macrophage colony-stimulating factor; 
airway epithelial cells 



cyclic nucleotides play a key role in controlling epithe- 
lial cell functions such as electrolyte transport, ciliary 
motility, and cytokine production (12, 30). The rate of 
breakdown of cAMP and cGMP is controlled by a 
specialized superfamily of hydrolytic enzymes called 
cyclic nucleotide phosphodiesterases (PDEs). Several 
families of PDE enzyme have now been identified and 
are classified according to differing substrate specific- 
ity, regulatory characteristics, and sensitivities to selec- 
tive inhibitors (4). There are at least seven recognized 
families of PDE, and most of these are known to contain 
at least two different genes. Additionally, for many of 
these genes, more than one splice variant is expressed 
(7). The availability of specific inhibitors has meant 
that the most widely studied families are PDE3, PDE4, 
and PDES (5, 20). There has been particular interest in 
PDE4 because it is predominant in inflammatory cells 
such as mast cells (2), monocytes (34), macrophages 
(31). eosinophils (11). and T cells (27). This suggests 
that PDE4 inhibitors may be useful in the treatment of 
several inflammatory and allergic diseases including 
atopic dermatitis (24), arthritis (25), multiple sclerosis 
(28). and bronchial asthma (13). Several PDE4 inhibi- 
tors have been shown to attenuate cytokine release 
from inflammatory cells and inhibit activated inflamma- 
tory cells (11.13,14). 



It has become increasingly apparent that airway 
epithelial cells play a key role in the initiation and 
maintenance of the airway inflammatory response. 
Epithelial cells are not only passive barrier-target cells 
but also play an integral role in the pathophysiology of 
airway diseases through the release of multiple inflam- 
matory mediators, including prostaglandins and 15- 
hydroxyeicosatetraenoic acid (HETE) (23), and the 
cytokines granulocyte-macrophage colony-stimulating 
factor (GM-CSF) (10), interleukin (IL)-1 (1), IL-8 (16), 
and regulated on activation normal T cells expressed 
and secreted (RANTES) (6). Because PDE4 inhibitors 
block the release of proinflammatory cytokines in in- 
flammatory cells, they may also have an effect on 
epithelial cells. 

One of the problems encountered in clinical studies 
with PDE4 inhibitors is the relatively high incidence of 
side effects such as nausea, vomiting, and headaches 
(3). Delivery of a PDE4 inhibitor topically by inhalation 
may avert the systemic side effects. However, little is 
known about the expression of PDE on airway epithe- 
lial cells. We have therefore investigated the expression 
of PDEs in cultured epithelial cells and in a human 
epithelial cell line, A549. Because at least four human 
PDE4 genes have now been identified (4, 20), we have 
also studied which genes are expressed in these cells. 

MATERIALS AND METHODS 

Unless otherwise stated, all reagents were purchased from 
Sigma- Aldrich (Poole, UK) . 

Primary cells. Human epithelial cells were obtained from 
normal human lung donors and cultured as previously de- 
scribed (16). The sections of tracheal tissue were carefully 
cleaned and stored overnight on ice bathed in saline contain- 
ing antibiotic penicillin (1 U/ml). streptomycin (0.1 mg/ml), 
and the antifungal agent amphotericin B (5 ug/ml). The 
bathing solution also contained pronase (1%) to increase 
epithelial cell shedding from the basement membrane. The 
following day. sections were lavaged for 60 min to dissociate 
the epithelial cells. To increase the yield of cells, the trachea 
could then be left in fresh bathing solution for a further 12 h 
before being washed. Cells were filtered through a sterile 
muslin gauze to remove mucus and debris and were seeded 
(0.5 X 10 s cells) into six-well plates (Costar) for culture at 
37°C and 5% C0 2 In a humidified incubator in supplemented 
Ham's F-12 medium (16). 

A549 ceils. The human epithelial-like (type II pneumocyte) 
cell line A549 (ATCC, Rockville, MD) was cultured in DMEM 
supplemented with 10% FCS, penicillin (1 U/ml). streptomy- 
cin (0.1 mg/ml), L-glutamine (2 mM). and amphotericin B (5 
ug/ml) in a humidified incubator (37°C. 5% C0 2 ) as a stock 
culture in T-75 flasks (Costar). Confluent cultures were split 
and seeded into six- well plates at a density of 1 x 10 5 
cells/well and cultured to confluence before use. 

PDE assay. The complement of PDE isoenzymes was 
determined for each cell type by assaying PDE activity and 
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utilizing specific inhibitors and reaction conditions known to 
distinguish specific isoenzymes. The activity assay measures 
the breakdown of pHJcAMP or pHJcGMP (Amersham, Little 
Chalfont, UK) to the corresponding labeled monophosphate 
by PDE and the subsequent dephosphorylation by alkaline 
phosphatase with a modification of the method of Thompson 
and Appleman (32). Reactions were performed at 37°C in an 
assay cocktail including 1 uM cAMP (including -280.000 
dpm [8- 3 H]cAMP; Amersham). [8-'<C]adenosine (-6,000 dpm; 
Amersham). 0.25 U alkaline phosphatase. 20 mM triethanol- 
amine (pH 8.0). 1 mM EGTA, 5 mM magnesium acetate, 5 
mM dithiothreitol (DTT), 500 pg/ml of BSA and, where 
appropriate, any drug being used. To a 270-ul cocktail, 30 pi of 
enzyme were added to initiate the reaction. After a period of 
time predetermined by the number of cells required to utilize 
no more than 25% of the substrate, the reaction was stopped 
by the addition of 1 ml of a solution of Dowex AG 1-X8 anion 
exchanger-methanol-water (1:2:1). The preparation was then 
vortex mixed for 30 min at 4°C before centrifugation at 1 2.000 
g t 4 e C for 5 mln. Aliquots of 700 pi were taken from each tube 
and counted (-60% efficiency) in 2 ml of aqueous counting 
scintiliant (ACS II, Amersham). Assays for cGMP hydrolysis 
were performed by substituting for cold and labeled cAMP in 
the assay cocktail. 

Assays were performed on soluble (crude cytosolic) and 
particulate (crude microsomal) cellular fractions prepared by 
hypotonic lysis of cells at 4°C in lysis buffer (10 mM MOPS. 
pH 7.4, 1 mM EGTA, 2 mM magnesium acetate, and 5 mM 
DTT) . and proteinase inhibitors (100 uM leupeptin, 100 pg/ml 
of bacitracin. 2 mM benzamidine. 100 uM phenylmethylsulfo- 
nyl fluoride, and 20 pg/ml of soybean trypsin Inhibitor). After 
60 mln, the cell lysate was centrifuged at 4°C and 45,000 gfor 
30 min. The resulting supernatant was decanted and diluted 
in lysis buffer to the required cell equivalent per milliliter and 
used as a source of soluble enzyme. The pellet was resus- 
pended at the required cell equivalent per milliliter and used 
as a source of membrane-associated enzyme. 

Determination of PDE isoenzyme activities. Activities for 
individual PDE isoenzymes in A549 cells and human airway 
epithelial cells (HAECs) were determined by comparing total 
lysate hydrolytic activity in assay buffer alone with that seen 
in the presence of isoenzyme-speclfic inhibitors or allosteric 
modulators. Hydrolysis of cAMP and cGMP by soluble and 
particulate PDEs was assessed in the presence of 2 mM 
Ca 2+ + 50 U calmodulin to unmask PDE1 activity. EGTA [1 
mM; to eliminate residual PDE1 activity induced by Ca 2+ in 
lysates (5 uM cGMP with or without 30 pM ORG-9935; 
Organon, Edinburgh. UK)] was used to unmask PDE2 and 
PDE3 activity (19); 1 mM EGTA with or without 50 pM 
rolipram (Alexis. Nottingham, UK) was used to Inhibit PDE4 
activity; 1 mM EGTA (with or without 30 pM zaprlnast) was 
used to inhibit PDE5 activity; and 500 pM 3-isobutyl-l- 
methylxanthine (IBMX) was used for inhibition of all PDE 
activity except PDE7 (17). 

RNA isolation and RT-PCR. We designed forward and 
reverse PCR primers according to primary sequence data 
relating to the isoforms of PDE4 and PDE7 found in the 
GenBank database. The following primer sequences were 
constructed, with annealing temperature and product size In 
parentheses: HSPDE4A5 sense 5'-AAG AGG AGG AAG AAA 
TAT CAA TGG-3' and antisense 5' TTA CAG CAA CCA CGA 
ATT CCT CCC-3' (67°C. 272 bp); HSPDE4B sense 5'AGG 
GCA GCC TGA GGT ATT AAA-3' and antisense 5'-CAC TCC 
TGG CTT ACAGTT GTA-3' (62°C, 363 bp); HSPDE4C sense 
5'-GGA GTT GCC TGA CAC TGA ACT-3' and antisense 
5' AGAAAG ACACCA GGG CAT CGT-3' (71°C. 335 bp); and 
HSPDE4D5 sense 5' -GCA AG A TCG AGC ACC TGG CAA-3' 



and antisense 5'-CCG TTA CCA GAC AAC TCT GCT-3' 
(68°C.515bp). 

For HSPDE7 the primer sequences used were sense 5'- 
GGA CGT GGG AAT TAA GCA AGC-3' and antisense 5'-TCC 
TCA CTG CTC GAC TGT TCT-3' (59°C, 285 bp). 

Extraction of RNA was performed after the modified guani- 
dlnium acid-phenol method of Chomczynski and Sacchi (9). 
Genomic DNA contamination was reduced by 1:1 phenol- 
chloroform extraction and ethanol precipitation. Human lung 
total RNA extracted from 100 mg of donor tissue was used as 
a positive control. Sample RNA was quantified by spectropho- 
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Fig. 1. Cyclic nucleotide hydrolysis by airway epithelial cell cytosolic 
phosphodiesterase (PDE). Hydrolysis in cytosolic lysate from human 
airway epithelial cells (HAECs; A) and A549 cells (£) in presence of 
selective Inhibitors and allosteric modulators. Data are means ± SE 
of 5 separate determinations. 3-Isobutyl-l-methylxanthlne (IBMX) 
inhibits all PDEs except PDE7; control group shows mainly activity 
of PDE3 and PDE4 (cAMP substrate) or mainly PDES (cGMP 
substrate): Ca 2 + (2 mM) + calmodulin (CaM; 50 U) stimulates PDE1 
activity: cGMP (5 pM) stimulates PDE2 and inhibits PDE3; ORG- 
9935 (30 uM) inhibits PDE3; rolipram (50 uM) inhibits PDE4; and 
zaprlnast (30 uM) inhibits PDES. Significantly different from basal 
PDE activity, *P< 0.05. 
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tometry (absorbency 260 nm), and 1 ug was reverse tran- 
scribed to cDNA in PCR buffer with 8 U avian myeloblastosis 
virus reverse transcriptase (Promega. Southampton, UK) 
and 0.2 ug of random hexamers (Pharmacia, Uppsala, Swe- 
den) in a final volume of 20 uL Then, the reaction mixture 
containing the cDNA was diluted to 100 pi and stored at 
-70°C. PCR reactions were performed on 5 pi of the cDNA 
with a Hybaid Omnigene thermal cycler (Hybaid, Middlesex, 
UK) in a final reaction volume of 25 pi in the presence of 0.5 U 
of Taq DNA polymerase. Twenty-six to forty cycles were used, 
with a denaturing step at 90° C for 30 s. followed by the 
specific primer annealing temperature and an extension step 
at 72°C for 1 min. The PCR products were then separated 
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Fig. 2. Cyclic nucleotide hydrolysis by airway epithelial cell micros- 
mal PDE. Hydrolysis In microsomal lysate from HAECs {A) and A549 
cells (£) in presence of selective Inhibitors and allosteric modulators. 
Data are means ± SE of 5 separate determinations. IBMX inhibits ail 
PDEs except PDE7: EGTA (I mM) shows mainly activity of PDE3 and 
PDE4 (cAMP substrate) or mainly PDE5 (cCMP substrate); Ca 2+ (2 
mM) + CaM (50 U) stimulates PDE1 activity; cCMP (5 uM) stimu- 
lates PDE2 and inhibits PDE3; ORG-9935 (30 uM) inhibits PDE3; 
rolipram (50 uM) inhibits PDE4; and zaprlnast (30 uM) inhibits 
PDES. Significandy different from basal PDE activity, • P< 0.05. 



PDE isoenzyme 

Fig. 3. PDE isoenzyme activities resolved in airway epithelial cells. 
According to assay criteria applied. HAECs [A) and A549 ceUs (£) 
displayed activities that may be attributed to PDEs 1. 3. and 4. 
whereas only HAECs displayed activity, suggesting presence of 
PDES. No significant hydrolytic activity indicative of PDE2 In either 
cell type was found. 

according to size on a 1.5% agarose gel containing ethldium 
bromide and visualized against a 1-kb ladder (GIBCO, Pais- 
ley. UK) over an ultraviolet light source. 

To check that the desired target gene was being amplified, 
the product of each primer pair was cloned into pGEMSz 
(Promega). and double-stranded sequencing was performed 
with the Sequenase II kit (Amersham) to verify product 
identity. 

GM-CSF Assay. Immunoreactive GM-CSF release from 
A549 cells and HAECs into culture medium (CM) was mea- 
sured with an ELISA (Pharmingen, San Diego. CA). giving a 
lower detection limit of 15 pg/ml. The standard curves 
utilized for quantification were constructed with human 
recombinant GM-CSF (Genzyme. Cambridge. MA). Cells 
were grown in monolayers on six-well plates. When conflu- 
ence was attained, the monolayers were washed to remove 
debris and nonadherent cells. Monolayers were then main- 
tained for 24 h with fresh CM (1 .0 mi) containing either drug 
or a volume equivalent of vehicle. The effect of PDE Inhibitors 



HUMAN EPITHELIAL PDES 



L697 



oo 6 
cuj u; a o 



o 
c 



o 
c 



o 



% 35 E E E E < 

£ <<0.Q. I X Q 



oo 6 

CUJ UJ 0) o 

93 E E E E < 




PDE4A 



PDE4B 




PDE4C PDE4D 

Fig. 4. Expression of multiple HSPDE4 isoform mRNAs in airway 
epithelial cells. A representative ethidiuxn bromide-stained agarose 
gel {n = 3 experiments) of HSPDE4 PCR products amplified from 
HAEC and A549 cell cDNA was obtained by reverse transcribing 1 
ug of total cell RNA and subjecting this to PCR of 24-40 cycles in the 
presence of specific primers. Amplified product was separated by 
electrophoresis and visualized by ethidium bromide staining. Ge- 
nomic contamination was controlled for by processing sample RNA In 
absence of reverse transcriptase (no RT), and total lung cDNA was 
used as a positive control. 



(50 uM rolipram, 30 \iM ORG-9935. and 500 uM IBMX) on 
GM-CSF production was assessed with control cultures and 
cultures in which GM-CSF production was stimulated by 1 
ng/ml of human recombinant IL-ip (R&D Systems. Oxford, 
UK). PDE inhibitors were added to the CM 1 h before IL-ip 
stimulation. After 24 h, CM was aspirated and assayed 
immediately for GM-CSF A 3-(4,5-dimerhylthiazol-2-yl)-2,5- 
diphenyltetrazollum bromide (MTT) viability test was then 
performed on the monolayers to control for potential PDE 
inhibitor-mediated cytotoxicity (8). 

Analysis of data and statistics. All data are presented as 
means ± SE of n Independent experiments. Statistical analy- 
sis was performed on nontransformed data with analysis of 
variance, followed by a Bonferronl adjustment when multiple 
comparisons were made against a single mean. P < 0.05 was 
considered significant and the null hypothesis was rejected. 

RESULTS 

Identification of functional PDEs. Figures 1 and 2 
show the amount of cAMP and cGMP hydrolyzed by 
PDEs in primary HAECs and the type II pneumocyte 
adenocarcinoma epithelial-like A549 cells. Hydrolytic 
activity was measured under conditions selected to 
unmask the proportion of hydrolysis attributable to the 
different members of the PDE superfamily present in the 
cytosolic (Fig. 1) and crude microsomal (Fig. 2) fractions. 



The nonselective PDE Inhibitor IBMX significantly 
suppressed cAMP and cGMP hydrolytic activity in the 
microsomal fractions and almost all of that associated 
with the cytosolic fractions, suggesting that the PDEs 
are the unique means of cyclic nucleotide catabolism in 
both cell types. However, a percentage of activity, albeit 
small, that was not blocked by IBMX remained in both 
HAECs and A549 cells. We reasoned that this could 
suggest the presence of small amounts of PDE7 in these 
cells, a speculation further supported by the RT-PCR 
data obtained (see Fig. 5). In the presence of the 
allosteric modulator calmodulin and an excess of Ca 2+ , 
cAMP hydrolysis increased above that seen in the 
presence of the chelating, agent EGTA alone by 39.1 ± 
10.3% and by 7.0 ± 5.6% for cytosolic and microsomal 
HAEC PDEs. Similarly, in A549 cells, the increase was 
36.4 ± 9.4% for cytosolic PDE and 6.2 ± 1.4% for 
microsomal PDE. This indicates the presence of cyto- 
solic PDE1 in both primary cells and A549 cells. The 
addition of cGMP in the presence of EGTA caused no 
significant difference in cAMP hydrolysis in HAECs, 
which, taken alone, suggests that PDE2 is absent. In 
the presence of the selective PDE3 inhibitor ORG-9935, 
cytosolic HAEC cAMP hydrolysis was inhibited signifi- 
cantly (23.8 ± 4.9%). whereas microsomal hydrolysis 
was not significantly inhibited. Taken together, these 
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Fig. 5. Expression of HSPDE7 mRNA in airway epithelial cells. A 
representative ethidium bromide-stained agarose gel (n = 3 experi- 
ments) of HSPDE7 PCR products amplified from HAEC and A549 
cell cDN A was obtained by reverse transcribing 1 ug of total cell RNA 
and subjecting this to PCR of 24-40 cycles In the presence of specific 
primers. Amplified product was separated by electrophoresis and 
visualized by ethidium bromide staining. Genomic contamination 
was controlled for by processing sample RNA in presence (+RT) or 
absence (-RT) of reverse transcriptase or and total lung cDNA was 
used as a positive control. 



L698 



HUMAN EPITHELIAL PDEs 



data suggest the presence of cytosolic but not mem- 
brane-associated PDE3. Likewise, in the A549 cell line, 
cGMP failed to induce activity in either subcellular 
fraction, suggesting that PDE2 is absent. ORG-9935 
caused a significant (30.0 ± 2.6%) inhibition in the 
cytosol, suggesting the presence of PDE3 activity. Rolip- 
ram caused a substantial reduction in cAMP hydrolyz- 
ing activity in HAECs, with a 75.0 ± 6.2 and 62.1 ± 
4.1% fall in cytosolic and microsomal activity, respec- 
tively Likewise, in the A549 cells, cAMP hydrolysis was 
reduced in the cytosolic and microsomal fractions by 
67.6 ± 7.0 and 73.1 ± 4.3%, respectively. This suggests 
that PDE4 was present in all subcellular fractions 
tested. In HAECs. cGMP was hydrolyzed by both 
cytosolic and microsomal cell fractions. This activity 
was inhibited by 30.2 ± 5.5 (cytosolic) and 38 ± 15.7% 
(microsomal) in the presence of 50 uM zaprinast, 
although this was not significant. This suggests that 
PDE5 was not the only source of cGMP metabolism. 

By pooling these results, we are able to produce the 
PDE isoenzyme activity profile for HAECs and A549 
cells shown in Fig. 3. 

RT-PCR. Figure 4 is a representative photograph 
from three separate experiments of an ethidium bro- 
mide-stained gel showing the results of the RT-PCR 
amplification, the specific sequences corresponding to 
HSPDE4A, HSPDE4B. HSPDE4C. and HSPDE4D3 
isoforms of PDE4. The primary HAECs and the A549 
cells showed the same PDE4 profile, both cell types 
expressing PCR products corresponding to the message 
for the HSPDE4A and HSPDE4D isoforms but not for 
HSPDE4B or HSPDE4C. To complete the profile of 
known PDEs for these cell types. PCR was performed to 
check for HSPDE7 mRNA (Fig. 5; representative of 3 
experiments), and both cell types expressed a strong 
signal. 

GM-CSF ELISA. Figure 6 shows the release of 
GM-CSF from HAECs and A549 cells after culture for 
24 h. PDE inhibitors failed to palliate this basal 
GM-CSF output. The presence of IL-ip at 1 ng/ml 
causes a significant increase in the release of immuno- 
reactive GM-CSF by both cell types. Treatment of 
stimulated cells with ORG-9935 or rolipram caused a 
significant decrease in GM-CSF output. ORG-9935 
reduced GM-CSF release to baseline levels. IBMX, 
which gives inhibition of all PDE activity in these cells, 
obliterated IL-p-mediated GM-CSF release. The MTT 
assay revealed that PDE inhibitor-mediated cytotoxic- 
ity cannot account for the reduction in GM-CSF secre- 
tion. 

DISCUSSION 

This study characterized the PDE isoforms found in 
primary HAECs and the epithelial cell line A549. 
Previous studies characterized PDEs in bovine tracheal 
epithelial cells (22) and in human airways (21), but this 
is the first characterization of PDE in primary HAECs. 
Our results show the major cytosolic PDE activity in 
primary HAECs to be PDE4, with lesser activities of 
PDE3 and PDE 1 . A similar profile, but of lower activity, 
was seen for the enzyme associated with the membrane 
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Fig. 6. Selective PDE Inhibitors partially abrogate granulocyte- 
macrophage colony-stimulating factor (GM-CSF) release from airway 
epithelial ceils [HAECs {A) and A549 cells (£}]. Data are means ± SE 
of 5 separate experiments. Control cells were untreated, and PDE 
inhibitors had no effect on basal GM-CSF secretion. All other cultures 
were treated with interleukin (IL)-10 (1 ng/ml) after 1-h pretreat- 
ment with either 30 uM ORG-9935, 50 uM rolipram, or 500 uM 
IBMX. GM-CSF release is significantly less than that seen with IL-10 
alone. *P< 0.05. 

subcellular fraction. The A549 cell line presented activi- 
ties for PDE4, PDE3, and PDEl, with a similar quanti- 
tative subcellular distribution but with activity — 10- 
fold higher than that seen in primary HAECs. This 
increased activity may be a consequence of the trans- 
formed nature of the A549 cells and suggests that these 
cells may not be suitable as a model for studying PDE 
induction patterns in airway epithelial cells. We have 
shown that PDE4 is the main enzyme responsible for 
cAMP hydrolysis in HAECs. and this is in broad 
agreement with findings in bovine tracheal epithelial 
cells (23) and human airway (21), although Rabe et 2d. 
(21) showed that the activity is. associated with the 
cellular milieu in peripheral airways. This mixture of 
cell types may account for the discovery of significant 
amounts of PDES activity in whole peripheral airways, 
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in contrast to our results in which PDE5 activity, as 
defined by zaprinast-mediated inhibition, did not at- 
tain significance. PDE4 has also been reported to be 
present as a major hydrolytic activity in both the 
cytosolic and membrane fractions of several cell types, 
including eosinophils (14), T lymphocytes (12), mono- 
cytes (26), and cells in the brain (18), myocardium (15), 
and trachea (33). PDE2 was absent from airway epithe- 
lial cells, and this suggests no role for this isoenzyme in 
regulating cellular function in the basal state. The 
small degree of hydrolytic activity found in all fractions 
that was not inhibited by IBMX may be due to a low 
background level of the methylxanthine-resistant PDE7 
(17). Although this was supported by the identification 
of HSPDE7 mRNA in these cells, the negligible amount 
of activity suggests that this PDE does not perform a 
significant hydrolytic function in the basal state in 
these cell types. Message corresponding to PDE7 is also 
present in other inflammatory cells, including T cells 
(12), and is present in abundance in other tissues, but 
elucidation of the functional role, if any, played by this 
increasingly ubiquitous isoenzyme must await the de- 
velopment of specific inhibitors. 

Using RT-PCR. we demonstrated that HSPDE4A5 
and HSPDE4D3 were expressed in both primary HAECs 
and A549 cells, whereas HSPDE4B and HSPDE4C 
were absent in the basal state. To briefly summarize 
the data currently, available concerning PDE4 mRNA 
subtype distribution in mammalian cells and tissues, 
PDE4A, PDE4B, and PDE4D appear to be fairly ubiqui- 
tous, with only PDE4C showing a more discrete periph- 
eral distribution (20). The pattern of expression we 
have found in HAECs is similar to that observed in the 
T lymphocyte cell line Jurkat 30 and lung carcinomas 
(20). The significance of differential PDE subtype expres- 
sion remains unknown, and a more discrete cell and 
tissue distribution of PDE may become apparent with 
elucidation of the expression of the spliced variants of 
PDE subtypes. 

We have shown that IL- 10 promotes GM-CSF release 
from airway epithelial cells and that inhibition of PDE 
significantly reduces the liberation of this cytokine 
from these cells into their surrounding media. Interest- 
ingly, whereas hydrolysis experiments show that PDE3 
is present in less significant amounts than PDE4 in 
both cell types, the PDE3-selective inhibitor ORG-9935 
abrogates all GM-CSF release to baseline levels in 
these cells. Indeed, nonspecific inhibition of all major 
PDE activity by IBMX reduced release of this cytokine 
by no more than that achieved by inhibition of PDE3 
alone. This suggests a key role for discrete PDE isoen- 
zymes in control of cytokine release from airway epithe- 
lial cells, and the palliating effect of PDE inhibitors on 
GM-CSF release from these cells indicates that these 
drugs may be useful in asthma. 

The demonstration that PDE4 predominates in air- 
way epithelial cells suggests that these cells may be an 
important target for PDE4 inhibitors in the treatment 
of asthma and other inflammatory diseases of the 
airways. There is increasing evidence that airway 
epithelial cells in asthma produce and express cyto- 



kines such as GM-CSF (10), IL-10 (1), RANTES (6), and 
monocyte chemoattractant-1 (29). PDE4 inhibitors may 
inhibit the release of cytokines from these cells through 
an increase in cAMP concentrations. This may be 
important in the clinical development of these drugs for 
asthma therapy because a major problem appears to be 
systemic side effects such as nausea and headache. 
Delivering these drugs via inhalation may make it 
possible to suppress inflammation and minimize these 
side effects. In the future, more selective PDE4 inhibi- 
tors may be developed (20). and possibly these will have 
fewer side effects than existing nonselective drugs. The 
identification of HSPDE4A5 and HSPDE4D3 in airway 
epithelial cells suggests that more selective inhibition 
might be possible. 

We gratefully acknowledge the help and advice given by Drs. Mark 
A. Giembycz and Robert Newton In the preparaUon of this paper and 
the skilled technical support of Hilary Lewis and Koremu Meja. 

This study was supported by Novartls (Basel. Switzerland) and 
the Medical Research Council, United Kingdom. 

J, Seybold was a Deutsche Forschungsmeinschaft Research Fel- 
low. 

Address for reprint requests: P. J. Barnes, Dept. of Thoracic 
Medicine, Imperial College School of Medicine at the National Heart 
and Lung Institute, Dovehouse St., London SW3 6LY. UK. 

Received 1 1 February 1997; accepted in final form 28 May 1998. 
REFERENCES 

1. Abdelazlz, M. M., J. L. De valla, O. A. Khalr, M. Calderon, 
R. J. Sapsford, and R. J. Davies. The effect of conditioned 
medium from cultured human bronchial epithelial cells on 
eosinophil and neutrophil chemotaxis and adherence in vitro. 
Am. J. Resplr. CellMol Biol 13: 728-737. 1995. 

2. Alfonso, A., M. Esteves, M. C. Louzao, M. R. Vieytes, and 
L. M. Botana. Determination of phosphodiesterase activity in 
rat mast cells using the fluorescent cAMP analogue anthraniloyl 
cAMP. Cell. Signal. 7: 513-518. 1995. 

3. Barnes, P. J. Molecular mechanisms of anti-asthma therapy. 
Ann. Med. 27: 531 -535. 1995. 

4. Beavo, J. A., M. Conti, and R J. Heaslip. Multiple cyclic 
nucleotide phosphodiesterases. Mol. Pharmacol. 46: 399-405, 
1994. 

5. Beavo, J. A., and D. H. Relfsnyder. Primary sequences of 
cyclic nucleotide phosphodiesterase enzymes and the design of 
selective inhibitors. Trends Pharmacol. Scl. 11: 150-155, 1990. 

6. Berkman, N.. A. Robichaud, V. L. Krishnan, G. Roesems, R. 
Robblns, P. J. Jose, P. J. Barnes, and K. F. Chung. Expres- 
sion of RANTES In human airway epithelial cells: effect of 
corticosteroids and interleukln-4. -10 and -13. Immunology 87: 
599-603. 1996. 

7. Bolger, G. B. p I. McPhee. and M. D. Housley. Alternative 
splicing of cAMP specific phosphodiesterase mRNA transcripts. 
Characterization of a novel tissue specific lsoform, RNPDE4A8. 
J. Biol Chem. 271: 1065-1071. 1996. 

8. Cannlchael, J., W. G. DeGraff, A. F. Gazdar, J. D. Minna, 
and J. B. MitchelL Evaluation of tetrazolium-based semlauto- 
mated colorimetric assay: assessment of chemosensitivity test- 
ing. Cancer Res. 47:936-942. 1987. 

9. Chomczynski, P., and N. SacchL Single-step method of RNA 
isolation by acid guahldinlum thiocyanate-phenol-chloroform 
extraction. Anal. Biochem. >62: 156-159, 1987. 

10. Churchill, L.. B. Friedman, R. P. Schlelmer, and D. Proud. 
Production of granulocyte-macrophage colony-stimulating factor 
by cultured human tracheal epithelial cells. Immunology 75: 
189-195. 1991. 

11. Dent, G„ M. A. Giembycz, K. F. Rabe. and P. J. Barnes. 
Inhibition of eosinophil cyclic nucleotide PDE activity and opso ra- 
ised zymosan-stlmulated respiratory burst by type IV-selective 
PDE inhibitors. Br. J. Pharmacol 103: 1339-1346. 1991. 



L700 



HUMAN EPITHELIAL PDEs 



12. Essayan, D. M„ S. K. Huang, A. Kagey-Sobotka, and S. M. 
Lichenstein. Effects of nonselective and isoenzyme selective 
cyclic AMP phosphodiesterase 3. 4 and 7 In human CD4+ and 
CD8+ T-lymphocytes: role In regulating proliferation and the 
biosynthesis of interleukin-2. Br J. Pharmacol 118: 1945-1958. 
1995. 

13. Giembycz, M. A., and G. Dent Prospects for selective nucleo- 
tide phosphodiesterase inhibitors in the treatment of bronchial 
asthma. Clin. Exp Allergy 22: 337-344, 1992. 

1 4. Hatzelmann, A., H. Tenor, and C. Schudt. Differential effects 
of non-selective and selective phosphodiesterase inhibitors on 
human eosinophil functions. Br. J. Pharmacol. 114: 821-831. 
1995. 

1 5. Klthas. P. A., M. Artman, W. J. Thompson, and S. J. Strada. 
Subcellular distribution of high-affinity type IV cyclic AMP 
phosphodiesterase activities in rabbit ventricular myocardium: 
relations to post-natal maturation. J. Mol Cell. Cardiol. 21: 
507-517 1989. 

16. Kwon, 6. J., B. T. Au, P. D. Collins, J. N. Baraniuk, L .M. 
Adcock, K. F. Chung, and P. J. Barnes. Inhibition of interleu- 
kin-8 expression by dexamethasone in human cultured airway 
epithelial cells. Immunology&l: 389-394, 1994. 

17. Lavan, B. E., T. Lakey, and M. D. Housley. Resolution of 
soluble cyclic nucleotide phosphodiesterase isoenzymes from 
liver and hepatocytes identified a novel IBMX insensitive form. 
Blochem. Pharmacol. 58: 4123-4126. 1989. 

18. Lobban. M.. Y. Shakur, J. Seattle, and M, D. Housley. 
Identification of two splice variant forms of type IV-B cAMP 
phosphodiesterase, cytosolic compartments and differential ex- 
pression in various brain regions. Blochem. J. 304: 399-406, 
1994. 

19. Manganellio, V. C, M. Talra, E. Degerman, and P. Belfrage. 
Type III cGMP-inhibited cyclic nucleotide phosphodiesterases 
(PDE3 gene family). Cell Signal 7: 445-455. 1995. 

20. Muller, T„ P. Engels, and J. R. Fozard. Subtypes of the type 4 
phosphodiesterases: structure, regulation and selective inhibi- 
tion. Trends Pharmacol. Scl 17: 294-298, 1996. 

21. Rabe, K. F„ H. Tenor, G. Dent C. Schudt. S. Llebig, and H. 
Magnussen. Phosphodiesterase isoenzymes modulating inher- 
ent tone in human airways: identification and characterization. 
Am. J. Physiol 264 (Lung Cell Mol Physiol 8): L458-L464. 
1993. 

22. Rousseau, E., J. Gagnon. and C. Lugnier. Biochemical and 
• pharmacological characterization of cyclic nucleotide phosphodi- 
esterase in airway epithelium. Mol Cell Blochem. 1 40: 1 7 1 - 1 75. 
1994. 

23. Salari, H.. and M. Chan-Yeung. Release of 1 5-hydroxyeicosatet- 
raenoic add (15-HETE) and prostaglandin E 2 (PGE^ by cultured 
human bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol 1: 
245-250. 1989. 



24. Sawai, T., K. Ikai, and M. Uehara. Elevated cyclic adenosine 
monophosphate phosphodiesterase activity in peripheral blood 
mononuclear leukocytes from children with atopic dermatitis. 
Br. J. Dermatol 132: 22-24. 1995. 

25. Sekut. L„ D. YarnaU, S. A. S timpson , L. S. Noel, R. Bateman- 
Fite, R. L, Clark, M. F. Brackeen, J. A. Menius, Jr., and 
K. M. Connolly. Anti-inflammatory activity of phosphodiester- 
ase (PDE) -IV inhibitors in acute and chronic models of inflamma- 
tion. Clin Exp. Immunol 100: 126-132. 1995. 

26. Seldon, P. M., P. J. Barnes, K. M. Meja, and M. A. Giembycz. 
Suppression of lipopolysacchartde- Induced tumour necrosis fac- 
tor-ot generation from human peripheral blood monocytes by 
inhibitors of phosphodiesterase 4: interaction with stimulants of 
adenylyl cyclase. Mol. Pharmacol 48: 747-757, 1995. 

27. Seybold, J„ R. Newton, L. Wright, P. A. Finney, N. Suttorp, 
P. J. Barnes, I. M. Adcock, and M. A. Giembycz. Induction of 
phosphodiesterases 3B, 4A4, 4D 1 . 4D2, and 4D3 in Jurkat T-cells 
and in human peripheral blood T-lymphocytes by 8-bromo-cAMP 
and Gs-coupled receptor agonists. Potential role in beta2- 
adrenoreceptor desensitization. J. Biol. Chem. 273: 20575- 
20588,1998. 

28. Sommer, N.» P A. Loschmann, G. H. Northoff, M. Weller, A. 
Steinbrecher, R. Meyermann, A. Reithmuller, and A. Fon- 
tana. The antidepressant rolipram suppresses cytokine produc- 
tion and prevents autoimmune encephalomyelitis. Nat. Med. 1 : 
244-248 1995. 

29. Standiford, X J., S. L. Kunkel, S. H. Phan. B. J. Rollins, and 
R. M, Strieter. Alveolar macrophage-derived cytokines induce 
monocyte chemoattractant protein- 1 expression from human 
pulmonary type H-like epithelial cells. J. Biol Chem. 266: 
9912-9918. 1991. 

30. Tamaokl, J., M. Kondo, and T. Taklzawa. Effect of cAMP on 
ciliary function in rabbit tracheal epithelial cells. J. Appl 
Physiol 66: 1035-1039. 1989. 

3 1 . Tenor, H., A. Hatzelmann. R. Kupferschmldt, L. Standu, R. 
Djukanovltc C. Schudt, A. Wendel. M. K. Church, and J. K. 
Shute. Cyclic nucleotide phosphodiesterase isoenzyme activities 
in human alveolar macrophages. Clin. Exp. Allergy 25: 625-633. 
1995. 

32. Thompson, W. J., and M. M. Appleman. Multiple cyclic 
nucleotide phosphodiesterase activities from rat brain. Biochem- 
istry 10: 311-316. 1971. 

33. Torphy. T. J., and L. B. Cleslinsky. Characterization and 
selective inhibition of cyclic nucleotide phosphodiesterase iso- 
zymes in canine tracheal smooth muscle. Mol Pharmacol 37: 
206-214. 1990. 

34. Verghese. M. VY., R. T. McConnelL J. M. Lenhard. L. Hama- 
cher, and S. L. Jin. Regulation of distinct cyclic AMP-speclftc 
phosphodiesterase (phosphodiesterase type 4) isozymes in hu- 
man monocytic cells. Mol. Pharmacol 47: 1164-1171. 1995. 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: , 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



